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SUMMARY
Epitaxial graphene nanoribbons have recently demonstrated exceptional one dimen-
sional ballistic transport where charge carriers can travel without scattering up to 16µm at
room temperature (STM probes in UHV). These transport properties are not yet fully un-
derstood, and they can only be exploited if nanoribbons can be produced at large scale with
good properties in ambient conditions. Following up on these results, in this thesis I will
summarize my work on arrays of epitaxial graphene nanoribbons grown on the sidewalls
of trenches and steps of silicon carbide. I will discuss nanoribbon growth, nanofabrication,
factors that affect nanoribbon transport and how mean free paths larger than one micron are




After Brillouin classified the symmetries of crystals in the early 19th century, the discovery
of the Hall effect and the discovery of electrons by Thomson indicated that a greater theory
of charge carriers was needed to explain the electronic conduction in metals. This challenge
was first taken on by Drude and an electronic theory of solids was introduced with the
theoretical description of metals [1]. After the discovery of superconductivity in mercury
in 1911 by H.K. Onnes [2], and the utilization of X-rays to understand the crystal structures
by M von Laue [3] and W.H. and W.L. Bragg [4] has been established, new pieces were
added to the puzzle of the theory of electrons in a solid. Later with the development of
quantum mechanics, the quantum theory of an electron in a solid took its basic shape,
resulting in the establishment of condensed matter/solid state physics.
Condensed matter physics [5, 6] solves the wave functions of charge carriers in a crystal
by considering the quantum mechanical nature of the particles under the periodic potential
of a crystal, which comes from the symmetry of its lattice. This solution leads to Bloch
waves [7], from which the dispersion relation can be derived. The dispersion relation can
tell us about the conduction properties of crystals. It can show us whether the material
has available bands to transmit an electron or if the transmission is blocked at some point.
Depending on this gap in the band structure, the crystal can be classified as a metal, semi-
conductor, insulator or semi-metal.
In the early second half of the 19th century, developments such as phenomenological
theory of superconductors [8] and the theory of superconductivity [9] garnered condensed
matter extensive attention. Advancements in device fabrication and measurement tech-
niques enabled the studies of lower dimensional electronic systems.
2D electron systems [10] at AlGaAs/GaAs interfaces have been studied in great detail
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due to the fact that it enables observation of conductance quantization and Landau lev-
els [11]. AlGaAs/GaAs mediums also enabled the study of correlated charge carrier mo-
tions in the form of fractional quantum Hall effect [12]. Fullerenes as quantum dots [13]
and carbon nanotubes as quantum wires [14] were introduced as low dimensional electron
systems on crystals. Following the conductance quantization experiments, the transport
features of fast charge carriers in 1D strips of a 2D electron gas [15] were observed. Later
these transport features have been observed on 1D crystals (carbon nanotubes [16]). This
led to the realization that ultrafast (VF = 106m/s) electrons can be obtained on a crystal
and this can be confirmed/tested by transport measurements and spectroscopy. Such a crys-
tal was therefore claimed to be useful for the study of quantum field theory in laboratories.
Since the invention of transistors [17] and the development of integrated circuits, the
feature size of electronic components in an integrated circuit has been following Moore’s
law. Intrinsic limitations due to the properties of Si and the shrinking size of transistors
are expected to be reached in the near future [18]. Integration of materials with high elec-
tronic mobility [19] (up to 250000cm2V −1s−1 while preserving the high charge density
1012cm−2) into the transistor fabrication can offer an alternative solution to the demand in
faster electronics and can address long-term technology needs. In order to utilize such a
technology, an understanding of the transport phenomena in these materials needs to be
established.
1.1 Carbon Crystals
Due to its chemical properties carbon can form many allotropes (Figure 1.1). Diamond
(Figure 1.1 (a)) is one of the best known due to its unique mechanical properties. It has
sp-3 bonds between every carbon atom in the crystal. It is the hardest material and it is a
good thermal conductor, yet it is a wide bandgap semiconductor in terms of electrical con-
duction and has a bandgap of nearly 5.5 eV. This makes a diamond an ideal heat sink for
electronic applications. It is mostly mined from carbon rich areas, where it is assumed to
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Figure 1.1: Allotropes of Carbon. a) Sp-3 bonded Diamond. The unit cell is a face centered
cubic with two atom basis. b) Graphite: Sp-2bonded Graphene layers connected with
sp-3 bonds. c) Lonsdaleite, d-e-f) various Fullerenes, g) Amorphous Carbon, h) Carbon
Nanotube. Reprinted from [20], Copyright 2018 by Wikipedia, The Free Encyclopedia.
experience extremely high pressures and high temperatures at some point in the geological
cycle. Synthetic diamonds are produced by mimicking those conditions in lab environ-
ments. Chemical vapor deposition (CVD) growth techniques can produce high quality
diamond samples.
Another common allotrope of carbon is graphite (Figure 1.1 (b)). Graphite has stacked
layers of graphene that has sp-2 bonds between its carbon atoms. Individual graphene lay-
ers are pinned to each other by sp-3 bonds throughout the graphite crystal. This stacking
is called Bernal stacking [21] and it is what differs multilayer graphene from graphite [22].
Since the early 20th century, graphite has been defined as a semiconductor with zero ac-
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tivation energy (same as the semi-metal in the recent literature) (by Wallace, PR [23] and
Slonczewski, JC [24]).
Fullerene is a graphene sheet that is folded over into the shape of a soccer ball (Fig-
ure 1.1 (d-e-f)) while a carbon nanotube (CNT) is rolled over into the shape of a tube.
Single walled versions of these stable structures have been extensively studied as quantum
dots [25, 26] for fullerenes and quantum wires in the case of CNTs [27, 28].
1.2 Graphene
Graphene is a 2D hexagonal lattice of carbon atoms that are connected in a honeycomb
structure. The carbon to carbon bond length in graphene is 0.142nm. The high surface
charge and unique electronic properties come from the fact that each carbon atom makes
only three π bonds (sp-2) in plane. The p orbitals (σ - sp-3 bonds) that is above of ev-
ery carbon atom give rise to the high mobility under the high charge density feature of
graphene.
1.2.1 Theoretical Background
Tight binding calculations show that graphene has linear bands at K points and these linear
bands form what is called Dirac cones. A simple tight binding calculation for two atoms A
and B forming two basis atoms of a unit cell can be done by first considering the amplitudes
of the wave functions at these points are (ΨA,ΨB)T . Assuming electrons can hop between






Figure 1.2: (a) Unit cell of graphene, vectors ~a1 and ~a2 show the vectors that surround
the two atoms that form the basis for the lattice. (b) Reciprocal space vectors ~b1 and ~b2
showing the first Brillouin zone for graphene. Γ, K and M points show the trajectory where
dispersion relation is generally calculated on. K and K ′ points are the locations for the
Dirac points. Reprinted from [29], Copyright 2011 by Royal Society of Chemistry.




exp (ik · ai) . (1.2)
where ai are the vectors to the nearest neighbors in the real space. By introducing Pauli




[σx cos(k · ai)− σy sin(k · ai)] . (1.3)
the resulting energy spectrum E(k) = ± |h(k)| gives Dirac cones at K and K ′ .
For any material the band structure (Energy vs Momentum) defines the group velocity





) is introduced in this sense
to explain the mass, particles experience under the periodic potential of the crystal.
In the case of linear bands (E = ~vF|k|) the Dirac equation [31] needs to be used to
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Figure 1.3: Energy spectrum calculated from the tight binding model that is summarized
from equation 1.1 to 1.3. K and K ′ points are at locations K = (2π/3, 2π/3
√
3) and K′ =
(2π/3,−2π/3
√
3). Reprinted from [30], Copyright 2018 by TU Delft OpenCourseWare.
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analyze the dynamics of charge carriers [32]. For the linear bands in a 2D graphene crystal,
the effective mass is undefined close to special points in the reciprocal lattice. Dirac point
in a crystal can manifest itself as a minimum conduction at the charge neutrality point in
a Hall measurement and as half integer steps in a quantum Hall system. An observation
of such an effect requires a setup where the charge density of the system can be varied
from a minimum, while longitudinal and transverse resistance measurements can be taken.
However, a thin graphite system can present the same features [33], therefore along with
the transport measurement, crystallographic data of the system needs to be presented to
make sure that the system is a 2D crystal.
Another approach that reveals unique transport features of the crystal is the analysis
of symmetries with the group theory. Detailed studies that investigate the symmetries of
fullerene and CNTs are explained in M. S. Dresselhaus’ book [34]. The group wave vector
k at reciprocal space points Γ, K and M are respectively D6h, D3h and D2h. On the triangle
that goes as Γ – K – M in the reciprocal space (Figure 1.2 (b)), the symmetry is C2v [35].
From all the irreducible representations of these symmetry characters, the space group
analysis of graphene that reveals the band structure from another angle [36], can be done.
1.2.2 Experimental Realization
Due to quantization of the cyclotron orbits, in any 2D electron system a perpendicular
magnetic field creates discrete energy levels known as Landau levels. For the case of
2D systems that have a Dirac-like spectrum (linear-photon like bands), fluctuations with
the applied magnetic field in the form of Shubnikov-de Haas oscillations are expected to
be observed [37]. Measurements of Shubnikov-de Haas oscillations were presented from
2004 to 2006 [38, 39, 40] for graphene along with structural order and low-energy elec-
tron diffraction (LEED) measurements that prove the 2D nature of the crystal. At higher
field half integer quantization in a quantum Hall system and a conduction minimum at the
charge neutrality point has been experimentally shown and the results of the measurement
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has been attributed to charge carriers of graphene in 2005 [41].
Graphene’s charge carriers are also tunable through raising or lowering of the Fermi
level in the vicinity of the charge neutrality point. This feature stems from the strong
variation in the density of states (DOS) in the vicinity of the Dirac point. The DOS variation
can be probed in band structure measurements with STM [42].
In order to open a bandgap or to study the exotic phases of transport, several graphene
based devices are extensively being investigated. These devices consist of either stacked
graphene layers that are generally protected or isolated by additional h-BN layers, or nar-
row graphene ribbons. Functionalized graphene with attached molecules on atoms is also
used for this purpose.
Bi-layer graphene [43] has been considered a potential candidate for tunable bandgap [44]
applications. Rotationally-stacked bilayer graphene [45] at some precise rotation angles
(1.08◦ for instance) is predicted to open a bandgap [46]. Intrinsic unconventional super-
conductivity [47] and correlated insulator behaviour at half-filling [48] have been observed
close to these bandgaps, outlining a very rich variety of transport behavior.
Another approach to open a bandgap in graphene is the anti-dot lattice method [49, 50].
The anti-dot lattice method requires a triangular array of holes that are carved in planar
graphene. Holes can be fabricated either lithographically or by using focused ion beam.
However, both methods suffer from contamination and doping problems. Nevertheless de-
velopments in nano-fabrication has enabled analysis of various hole sizes (few nanometers)
and lattices.
Graphene nanoribbons (GNRs) are quasi one dimensional graphene with lateral quan-
tum confinement [51, 52]. The confinement causes quantization of the transverse mo-
mentum, which leads to one dimensional sub-bands (Figure 1.4) and bandgap openings
for certain edge directions and widths. Additional calculations have been performed us-
ing more sophisticated methods and they confirm the gap opening in nanoribbons [53].





Figure 1.4: The band diagram in Zig-Zag and Armchair graphene nanoribbons resulted by
quantum confinement. (a)-(b) Band diagrams as for different ribbon widths (N= number
of atoms). Opening of a bandgap for Armchair and the flat band condition for Zig-Zag
ribbons can be seen for certain widths. (c)-(d) Projected band diagram and the boundary
of the Brillouin zones (Dashed lines). Reprinted from [51], Copyright 1996 by American
Physical Society.
cal precursors [54]. Intervalley and intravalley scatterings [55] are possible between the
sub-bands. In addition to the semi conducting features of narrow graphene ribbons, larger
ribbon widths (≈ 40nm) exhibit ballistic transport which hadn’t been theoretically pre-
dicted and still hasn’t been fully understood. Detailed explanation of GNRs are summa-
rized throughout the whole thesis starting from the following section.
1.3 Graphene Nanoribbons
GNRs are strips of planar graphene with a specific edge chirality. Tight binding calcula-
tions show a bandgap opening [51, 52, 31, 53] in GNRs and the effect of the certain edge
terminations on electronic transport properties. Theoretically Zig-Zag (ZZ) (Figure 1.5 (a))
ribbons are found to always be metallic and Armchair (AC) ribbons (Figure 1.5 (b)) can
sustain a bandgap up to a certain width [51](Figure 1.4, < 0.5eV ). Numerical studies made
on the edge morphology show the effects of substrate-induced edge disorder and hydrogen
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Figure 1.5: Two types of edge terminations in GNRs (a) Zig-Zag and (b) Armchair.
Reprinted from [64], Copyright 2012 by International Society for Optics and Photonics.
termination of the ribbon edges on the transport properties [56]. Similar studies made on
CNTs show the effects of vacancies or divacancies introduced by ion etching [57] and the
effects of impurities introduced by doping [58].
GNRs can be obtained in various methods, they can be lithographically obtained from
planar graphene by using a mask and etching the excess graphene. Resist masks [59] and
ZnO rod masks have been used in this purpose [60]. Even though thin strips of graphene
can be achieved using these methods, both edge roughness and fabrication residues pose
problems for transport studies [61]. Furthermore, exposing the edges to chemicals and/or
dry etching can cause unwanted doping of the material which also affects the transport fea-
tures [62, 63]. Once exposed or doped, the system needs to be high temperature compatible
to be annealed (for undoping purposes).
Precursor polymers are also used to produce GNRs [54] with atomically precise edge
termination. Even though the edge termination was highly precise, and uniform widths
(nine atom and ten atom AC ribbons) can be obtained, scalability and directionality prob-
lems emerge from the synthesis approach just like it did for CNTs. Getting single walled
CNTs with a defined chirality from thousands of CNTs synthesized by a CVD type of
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method requires an efficient separation method. Therefore, CNTs produced by CVD is not
considered at this day as a scalable method of production for CNT based individual transis-
tors. Similarly, isolating synthesized ribbons from many others in its surroundings suffers
from the same problem [65, 66].
Sidewall epitaxial graphene nanoribbons (SWGNRs) [67, 68] on SiC propose a scalable
GNR production method that does not need transfer of the ribbon to an insulating substrate.
Narrow strips of graphene can be produced on SiC by etching mesas onto the surface prior
to the epitaxial graphene (Epigraphene) growth. The sidewalls of the etched structures host
GNRs on their sidewalls. Few examples [69] other than SWGNRs offer GNRs grown on a
not conducting substrate.
Initial studies on GNRs had focused on engineering a bandgap either by shaping/narrowing
the ribbon, by functionalizing the graphene or by using the SiC/SiO2 as the transport
medium [70] (with the goals towards showing a graphene example of energy-efficient
and tunnel field-effect transistors [71, 72]). Tunneling transistors made with metal nano-
particles [73] exhibit Coulomb blockade and the Kondo effect. Graphene analogs of such
transistors contain a tiny gap between two graphene leads, for example a gap that can be
obtained by using an electromigrated gold nano-constriction [74] as a mask [75]. In the
next step, the continuous graphene underneath can be etched to form an opening and the
constriction then can be chemically removed.
The tunneling gap approach also enables creating graphene nano-particles that might
act as quantum dots (In the example of [76], a 2nmwide and 20nm long dot has a bandgap
of 0.38eV ).
Realization of GNR transistors require high trans-conductance (conductivity of the de-
vice at the on state), high on/off ratios (the ratio of the resistances of on and off states)
with a complete off state. Fabricating epigraphene-based transistors needs a change of
paradigm. One of the ideas is to tunnel through a semi-conductor grown epitaxially in a
physical gap managed between two ballistic ribbons. For this we first need to be able to
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grow epigraphene nanoribbons consistently and then grow them at large scale. Once the
growth conditions and electronic properties of the resulting GNRs can be correlated the
conditions for ballistic transport can be determined.
The ballistic transport feature of graphene has only been observed on SWGNRs on SiC,
probably due to its clean production methods that does not require further processing of the
material. These features make it easier to keep graphene clean and unexposed. Graphene
on other platforms, like on SiO2, introduces puddle surface potential variations (charged
impurity centers causing isolated puddles of charge carriers acting as quantum dots with 50
to 80 meV) [77].
The performance of ribbons can be analyzed with field effect transistors (FETs) made
of GNRs. FETs made of lithographically patterned ribbons on exfoliated graphene show
carrier localization effects [78, 77] similar to disordered narrow-bandgap semiconduc-
tors [79]. FETs made of narrow SWGNRs on SiC are shown to be similar to (well-behaved)
narrow-bandgap semiconductors [80], although it is not clear whether it is a transport gap
or a bandgap. High temperature capability of the SiC platform in principle enables edge
smoothing capability either by high temperature annealing or through SWGNR growth op-
timization.
In order to understand and model the physics of the ballistic transport phenomena in
SWGNRs, further measurements are needed. This brings in the fabrication challenge of
putting reliable contacts on GNRs, which will be addressed throughout this thesis. The
performance projections of ballistic graphene field effect transistors was made by Liang, G.
et al. [81] and any realization of such devices requires scalable and reproducible production
methods.
Prior measurements by Ruan, M. et al [82, 83, 84] show characteristics of a quasi one
dimensional–single channel transport that is ballistic. The current model and the ballistic
transport phenomena will be summarized after an introduction to the ballistic transport
phenomena.
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1.4 The Landauer Equation
The equivalence of conduction and the transmission coefficient through a channel was first
introduced by Landauer [85] and it forms the basis of the mesoscopic transport theory. The







where the sum is over the n conduction channels (modes), γi is the degeneracy of each
channel, Ti is their transmission coefficient and e
2
h
is the quantum of conduction. In the





Since all the channels conduct in parallel, the resistance of a system can be written as




































where (as defined in Datta’s book [86]) h
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actual resistance of a channel.
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a) b) c)
d) N Passive Probes
Figure 1.6: a) A two point measurement setup. b) A circuit diagram showing the resistances
involved. The additional interface resistance corresponds to GNR contact interface, since
this point contact resistance can have a high value. c) The equivalent circuit when the
resistance Ro is split and associated with each contact. d) When N passive probes are
added to the channel, from each contact the resistance Ro adds up to the system. This is
shown on the left and right sides of a contact as Ro/2.
The resistance of a single channel system that is contacted with N passive probes can
be represented by the circuit diagrams of Figure 1.6. Figure 1.6 (a)-(c) show a two probe
system where the contact resistances and Ro are indicated on equivalent circuits. Upon
adding multiple invasive passive probes (N ) (Figure 1.6 (d)), the resistance between the far
left and the far right contact takes the form of RN = NRo + R(L) + 2Rinterface + 2Rlead,
where Rinterface measures the transparency of the contact.
Figure 1.7 shows the circuit diagram of N parallel channels each with a mean free
path Λi. If one of these channels has a relatively longer mean free path Λo compared to
the others, then in the long length regime, the transport is dominated by this channel. To
illustrate this effect, in Figure 1.7 (b) 50 channels with mean free paths of 5nm are assumed
to be parallel to one with mean free path 20µm. The resulting resistance vs length profile
shows that the effect of the diffusive channels only shows up at short length. At long length
scales, the slope of the resistance vs length plot (of 51 parallel channels) is very close to the
slope of a single channel nanoribbon that only contains the ballistic channel (by ballistic
14

















Figure 1.7: a) When N parallel transport channels are added to the channel with each
channel having mean free path Λi. b) If a ballistic channel exist in parallel with many other
diffusive channels, then the ballistic channel dominates in the long channel limit. Red: a
single channel system with a 20µmmean free path. Blue: when 50 channel with 5nmmean
free paths are added parallel to the ballistic channel. Here Rinterface = 0 and Rlead = 0.
we mean here Λo & L). For N parallel channels, the length dependence of resistance in












An interpolation of the resistance vs length data in the form of R(L) = aL + b can be
used to find the mean free path Λo. Inserting the slope of the linear fit into the equation 1.10
gives Ro/a as the mean free path (a with units of kΩ/µm). The constant b in the linear fit
can be used to find the contact resistance, similar to the transmission line method (TLM)
method (which is normally in the form of RTLM(L) = 2Rc + RSheetL/W ). The contact
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Lead 1 Lead 2
GNR Channel
V
Figure 1.8: The two point measurement setup and the involved resistances. λ in this draw-
ing represents the long channel length mean free path Λmax.
resistance Rc in a two point measurement for a single channel is in the form of :
Rc = Ro + 2Rlead + 2Rinterface, (1.11)
where Rlead in the lead resistance of the pads. The schematic in Figure 1.8 shows these
resistances on a contacted nanoribbon. As is clear from Figure 1.7, the contact resistance
from the linear fit of R vs L at long length (blue line) is αRo + 2Rinterface + 2Rlead where
α can be anywhere between 1 and 1
N
.
1.5 Ballistic Transport in Graphene Nanoribbons
Ballistic–scattering free–transport happens when the transport length is shorter than the
mean free path of electrons in that medium (Figure 1.9). GNRs and CNTs can have mean
free paths on the order of couple µm at room temperature, which makes an observation of
the ballistic transport possible for these mediums [84, 16]. Couple µm long mean free path
in room temperature is exceptional compared to the mean free paths of highly conductive
metals at room temperature that can only reach a maximum of 50nm [88].
2014 study by Baringhaus, Ming, et al [84] demonstrate the ballistic transport in SWGNRs [67].
A surprising result is that transport has both length and temperature dependence. Today,
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Figure 1.9: Comparison of the mean free paths (l) to width (W) for diffusive (a), quasi-
ballistic (b) and ballistic mediums (c). The length L is much smaller than the mean free
path for the ballistic picture. Reprinted from [87], Copyright 1988 by Springer Verlag.
further measurements and interpretations suggest a more detailed description to tempera-
ture and length dependence of the ballistic transport channels.
For a further insight of transport, additional measurements require arrays of contacted
ballistic SWGNRs on a chip, so that these chips can be transferred to other measurement
tools for further experiments. However, as it will be detailed in the next chapter, SWGNRs
are very susceptible to external conditions. Exposure to air and organic resist residues from
nanofabrication can affect the ribbon mean free paths. Therefore, experimental challenges
mainly consist of growing better quality SWGNRs and handling samples the right way to
minimize or avoid any type of contamination on the graphene surface.
The details of the current model are given in the next section, experimental techniques
that are planned for the device fabrication and the following measurements are presented
in the following chapters.
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1.5.1 The Current Model
The first four probe measurements on charge neutral graphene ribbons at Georgia Tech Epi-
taxial Graphene Lab in 2012 revealed an exceptional ballistic behavior as reported in [83].
Later, detailed UHV four point probe measurements are made at Leibniz Universität Han-
nover in collaboration [89] with J. Baringhaus and C. Tegenkamp, extended these results
and showed exceptionally long (up to 16µm) ballistic transport range [84]. In charge neu-
tral ribbons, tight binding calculations show that two electronic bands cross the Fermi level
(EF ) (named 0+ and 0−). These first two bands, in the quantum confinement introduced
sub-bands of GNRs (Figure 1.4), are attributed to the ballistic transport in SWGNRs.
Energy levels of a confined ribbon of width W and length L are approximately defined










Where the Fermi velocity c∗ = 106m/s. E1,0 energy is proportional to 1/W and E0,1 is
proportional to 1/L. Taking W = 40nm and L = 1µm (like in our ribbons, as it will be
presented later) gives the first two energy levels: E1,0
kB
= 600K and E0,1
kB
= 23K. This shows
that E1,0 is active at room temperature while E0,1 is not. For larger ribbons (W = 200nm)
E1,0 temperature goes down to 120K. For lengths of 100nm, E0,1 is activate at room
temperatures.
In the case of one dimensional ribbon, following the Landauer equation [91], the con-
ductance can be written as G = 4Go
∑




is replaced with e
2
h
since the degeneracy is lifted for the ribbon samples [84],
the underlying physical mechanism of this symmetry breaking is still unknown), where the
transmission coefficient Trn = 0 for |En,0| > |EF | and transport is dominated by n edge
states (for charge neutral ribbons) when Trn < 1 for |EF | < |E1,0| (with T < 600K). On






















Figure 1.10: Equation 1.13 (dashed) and the digitized data of four ribbons from the ballistic
transport paper [84] (measurement by J. Baringhaus and C. Tegenkamp).
SWGNRs [38].
Experimental results of the ballistic conduction measured in [84] are given in Fig-
ure 1.10. The corresponding conduction value, 1Go is due to injection by a probe into
a one channel conductor. This value being the only resistance (1/Go) in the system and
preserving its value over some distance indicates scattering free transport of electrons in
the given length scale (≈ 1µm − 16µm). At lower length scale (L < 1µm), the conduc-
tion 1Go increases up to 2Go, which means that another conduction channel activates and
adds 1Go to the conduction. Even though the conduction is quantized on two plateaus,
the transition between these plateaus is not discrete, but in the form of a decay. This in-
dicates that one channel (0−) is activated at low length scale (L < 1µm) and dies out as
the length is increased, the following channel (0+) can survive for a much longer distance
(1µm− 16µm).
The data in Figure 1.10 can be fit into a set of equations by specifying some critical
lengths, where decays begin, L∗0− = 220nm and L
∗
0+
= 16µm. The conductance for the
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given length scales follow the dependencies:
G =

2Go , L ≤ 0.22µm,
Go +Goexp(1− L/L∗0−) , 0.22µm ≤ L ≤ 1µm,
Go , 1µm ≤ L ≤ 16µm,
Goexp(1− L/L∗0+) , L ≥ 16µm.
(1.13)
In the same paper [84], a 1.6µm ribbon is gated at different temperatures and the shift
of Dirac’s point is used to model the temperature dependence of conduction channels. Ob-
tained data is shown to be fitting to the equation:












where α = 0.922, T ∗ = 21.5K, T0 = 2.2K and Tel is the electron temperature. T ∗ is





which is 20.9K for L = 1.6µm. The 1/2 factor in the exponent in equation 1.14 comes
from variable range hopping [92]. The coefficient 1.4 in equation 1.15 is due to graphene
to graphene contact used in the specific experiment [83]. Later it is found out that with
metal contacts the conductance follows a simple exponential and the 1.4 factor becomes 1.
Since kBT ∗ = En,m = ±~c∗k and the wave vector k can be approximated as mπL , the
temperature can be written as kBT ∗ = ±~c∗mπL .
A slight bias voltage dependence (Vb) of conductance is attributed to electronic heating
of carriers. This heating process is defined in the equation as Tel. Once this Tel is ob-





T 2 + (TV b/v)2, (1.16)
where TV b = eVb/kB and, v = 5 for Tel < 15K and v = 12 for Tel > 15K.
Another observation, which is not highlighted in the paper but can be found in the sup-
plementary information, is about magneto-conductance of ballistic ribbons. A 5% positive
linear magneto-conductance up to B = 2T was observed.
Additionally the equivalence of two and four point probe measurements and resistance
doubling due to passive probes are presented as evidences of SWGNRs being single chan-
nel conductors [93, 86]. A similar experiment is carried out in [15] where four-terminal
resistance of a ballistic quantum wire was measured.
Combining all these observations in [84], we can conclude that SWGNRs are quasi
one dimensional, single channel conductors with ballistic transport features. The ballistic
transport observed in epigraphene nanoribbons is currently not fully understood. The two
transport channels 0+ and 0− and the length scales that these channels are activated remain
a mystery. Also it is not yet clear where the dominant transport happens on a GNR, the edge
or the bulk of the system can have significant (or non significant) roles in the transport. The
substrate GNRs lay on might have a factor in their transport properties.
Further measurements require an SWGNR platform that allows access to the ballistic
transport features to perform full scale measurements. This demands placement of contacts
on SWGNRs. In this thesis I will investigate the factors that ballistic transport relies on and




This study can be categorized into three main parts: Graphene growth, nanofabrication and
the transport measurements. In order to be able to use the nomenclature and mention the
techniques comfortably in the later chapters, characterization and measurement methods
are presented first in the next chapter (Chapter 2). Problems that can occur during pro-
cessing are discussed and the experimental planning to overcome such problems is shown.
The third chapter consists of dynamics of graphene growth and the methods developed to
control them. The following chapter consists of transport measurements done on contacted
GNRs. First, mean free paths of SWGNRs are analyzed to see if they fall into the ballistic
range, then factors that affect the mean free paths are analyzed. Temperature dependent




Building micro (or nano) devices to study electronic, magnetic, mechanical and photonic
properties of graphene requires an extensive consideration of surface physics and engineer-
ing challenges. Graphene’s single atomic layer geometry makes it susceptible to crystal
imperfections, fabrication residues and air contamination. It is also challenging to contact
graphene and preserve the electronic conduction or the interface resistance after the contact
is established.
Conventional fabrication challenges of graphene are elevated for the case of SWGNRs,
since quasi one dimensional SWGNRs can be 10 to 100 nm wide while being 200 nm
to 50 µm long. The nanofabrication process flow needs to yield contacted nanoribbons
performing consistently for the given geometry. The chance of failure or the chance of
obtaining obscured data quickly rises in case of a miscalculated step in the fabrication that
might result in residues, bad crystal growth, interface problems or contamination. There-
fore, all steps in the process flow, from single crystal SiC wafers to contacted epigraphene
nanoribbons, need to be strategically optimized for the most consistent outcome.
Fabricating a contacted GNR, from cleaning the SiC chips to the final measurement
of the ribbon, can take up to ten steps. The process flow of the nanofabrication will be
presented after the main characterization techniques are introduced in this chapter.
2.1 Characterization
Characterization of planar graphene can be made through various techniques. Ellipsome-
try can tell how many layers of graphene are present on the surface, while Raman spec-
troscopy [94, 95] can give some rough information about the number of layers, but also the
quality of the graphene and the strain and doping graphene experiences [96]. Such changes
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are reflected as position shifts in the Raman peaks of graphene, which relates to the elec-
tronic and phonon band structure. Also detection of the buffer layer (Figure 3.4) can be
made by simply observing the existence of the corresponding peaks in the spectrum.
LEED can be used to obtain diffraction peaks that indicate the underlying crystallo-
graphic structures. Graphene on SiC has a distinguishable pattern that makes it easy to
determine if it is a buffer or monolayer on the Si face. Auger electron spectroscopy, scan-
ning tunneling spectroscopy and X-ray photo-electron spectroscopy are other techniques
that can be used to identify graphene and the underlying structures.
2.1.1 Atomic Force Microscopy
Narrow nature of SWGNRs makes it harder to characterize the ribbon compared to planar
graphene samples [65]. Therefore, microscopy plays an important role in identifying the
surface coverage of graphene. Even though it is slow compared to low voltage scanning
electron microscope (SEM) imaging, AFM scans give clear contrasts between graphene
regions and non-graphene SiC areas. Also SEM scans leave marks on scanned graphene
areas, due to the exposure of the surface to high levels of electron beam (which is assumed
to be depositing carbon based materials on the surface). This effect can be observed once
a previously scanned section on the sample is revisited. The damaging effect of E-beam
irradiation has also been reported [97].
Different AFM methods have been used to observe graphene on SiC. Among these
electrostatic force microscopy and lateral force microscopy (LFM) are the ones that give the
clearest contrasts. In terms of imaging consistency and high resolution LFM has been the
main method used to identify the morphology of SWGNRs. Details of the LFM technique
are given in appendix.
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2.1.2 Conductive Probe Spectroscopy
Combining LFM -contact mode scanning- with the surface potentiometry requires a con-
ducting contact mode tip. Commercially available metal coated contact mode tips can be
utilized into an LFM system to probe the surface electrical potential. Applying a bias
through a SWGNR and mapping the potential difference between the AFM tip and the
ground contact can tell us about the voltage profiles of individual ribbons.
Potentiometry results are given in the Experimental Measurements chapter and details
of the setup is explained in appendix. Collecting surface potentiometry data along with
LFM and surface topography helps with one to one matching and comparison of the poten-
tial distribution and the surface morphology. Contribution of individual nanoribbons and
graphene sidearms (to be explained in the next chapter) to the conduction can be revealed
using this method. The method can also be used to identify which nanoribbons makes good
contacts with the pads that the bias voltage is applied through. Switching the bias voltage
can show the difference between the ribbons that look like an equipotential vs current car-
rying nanoribbons (Figure 4.6, Figure 4.7 and Figure 4.8). A sketch of the setup is given in
Figure 4.5 and additional details about the method are given in appendix.
2.2 Nano-Fabrication
Conventionally any nano-fabrication consists of two main steps. Lithography and the fol-
low up deposition or etching process. In between the fabrication steps some cleaning meth-
ods need to be deployed. On the industrial scale, chemical mechanical polishing is applied
between consecutive steps. Unprocessed wafers can also go through other planarization
steps like H-etching or high temperature annealing.
Working with graphene requires an uttermost consideration of the contamination and
exposure effects. Leaving graphene exposed to air shows that the resistance increases up to
a saturation point after which it fluctuates slightly. Reduced graphene oxide is proposed as
25




















Figure 2.1: Resistance histograms of 80 same length (5µm) ribbons measured at different
times and conditions. Measurements done in vacuum probe station after an annealing done
in the same environment, gives the smallest uncertainty in the measurement. Blue: Mea-
surements done right after growth, in air. Red: Measurements done one day after growth,
in air. Yellow: Measurements done in vacuum probe station after annealing (400 ◦C) and
cooling back to room temperature.
room temperature gas sensors in this sense [98].
Figure 2.1 shows the resistance measurements made over 80 SWGNRs. 5µm long
SWGNRs are measured in three different conditions to show that air exposure can drasti-
cally affect a resistance measurement. Right after the epitaxial growth, SWGNRs show the
blue distribution with a high standard deviation. The red distribution shows that after air ex-
posure for one day, overall resistance values increase and the resistance deviation decreases
due to a collective saturation. Once these samples are put in vacuum (10−6mbar), annealed
at 400 ◦C and measured in vacuum without exposing the samples to atmospheric condi-
tions, the yellow profile, which has the lowest resistance mean and the lowest deviation,
can be obtained.
The measurement in Figure 2.1 only shows the effects of air exposure to SWGNRs.
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Upon using organic resists for lithography purposes, resist residues accumulate on graphene
surfaces and these residues can alter the material by doping it and creating scattering cen-
ters [99, 100, 101]. In order to avoid such effects, conventional wet cleaning methods
can be used to remove organic contaminants. Using resist remover or acetone can clean
residues up to a point, but the process can still cause doping. Especially using organic re-
sists as masks for Reactive Ion Etching (RIE) can result in polymerized resist residues that
are relatively harder to remove (Figure 2.10).
The first step in the conventional SWGNR production is the RIE etching of mesas.
Since there is no graphene on the surface prior to this step sonication can be used to remove
hardened resist residues. However, sonication can not be used once graphene is on the
surface because it damages contact pads and the graphene itself.
2.2.1 Etching
RIE etching can be used to etch shapes on the SiC surface. Lithographically produced soft
resist masks can be used to etch up to 60 nm deep mesas. Deeper structures might need
hard masks (metal masks like Ni) that later need to be removed with acids.
For the case of SWGNRs a lithography step comes before the RIE etching, but since the
mesa structure is generally simple –long rectangles with desired densities– the lithography
process will only be explained for the fabrication of the contact pads, not the mesa structure.
1:4 mixture of SF6 and O2 gas flow (0.8 SCCM to 3.2 SCCM) at 100W RF power is
used for 14 to 20 seconds to etch 20 nm deep mesas structures. The non uniform resist
profile can create artificial facets on the sidewalls. Depending on the resist edge sharpness,
20 ◦ to 80 ◦ steep mesas can be obtained. Neglecting this variable can cause an unknown
starting point (the initial mesa sidewall angle) for the SWGNR growth and as it can be seen
from Figure 3.9 that the initial conditions can create the difference between overgrown and
undergrown graphene ribbons.
Dry etching is also used to isolate ribbons. 16W RF power and 4 SCCM O2 gas flow
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Figure 2.2: Etching patterns of two contact natural step ribbons (left) and four contact
SWGNRs (right). The dry etch process removes the other graphene ribbons and prevents
short circuiting. The scale bar on the left image is 50µm and the right bar is 15µm long.
is used for this purpose, a few seconds of etching time is enough to remove graphene
from the surface, however the formation of the plasma can take longer than that, therefore
twenty seconds of etching time is used. Figure 2.2 shows the isolation mask patterns for
nanoribbons.
Shaping of Hall bars can be done with a dry etching procedure as well (Figure 2.10(a)).
Patterned Hall bars on monolayer graphene on SiC can be etched into the shape and then a
heat treatment can be applied for smoothing the rough edges.
2.2.2 Lithography
Ideally keeping the lithography and other processing steps before the graphene growth is
the preferred strategy for the fabrication on SWGNRs (Figure 2.3). However, for the use
of metal contacts, high growth temperatures (1500 ◦C) can easily cause melting. There-
fore, metal contacts are deposited after SWGNR growth. The alternative path is the use of
amorphous carbon contacts which can survive the graphene growth temperatures and can
be placed on the surface before the high temperature growth process. The trade off is metal
contacts can be selected to have low contact resistance [102] and lead resistance; while
carbon contacts have high lead resistance and they are not good at merging with narrow
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stripes of graphene (especially for the case of natural step ribbons where the width is not
well controlled).
The patterning recipes for the used lithography techniques and organic resists (like
methyl methacrylate (MMA) and Poly(methyl methacrylate) (PMMA) (both from Micro
Chem)) are given in detail in appendix.
2.2.3 Contacts and Liftoff
After the patterning of contact areas, Pd(20 nm)/Au(40 nm) layers are deposited on graphene
with a home built e-beam evaporator. As it can be seen from the work function differences
between metals and graphene [102] (Figure 2.4) Ti can also be added to this layer by
layer structure to achieve better contact to graphene. After the deposition in low pressure
(10−6mbar), the samples are put in a warm acetone bath (60 ◦C) for 2 hours. Acetone baths
longer two hours don’t show any recognizable difference in terms of the liftoff success.
A short IPA dipping and drying with Nitrogen are the last steps of liftoff. If the liftoff
(of the resist along with the metal layer on top) hasn’t happened during the bath, it usually
happens during an additional acetone spaying. If it fails again, it generally is an indica-
tion of a problem with another parameter (organic resist, e beam dosage, spin coat recipe,
baking temperature).
The use of bilayer resist profiles helps with the liftoff step. MMA layer develops faster
than the PMMA layer on top and this creates an undercut region. This feature is mainly
used for shadow evaporation techniques where metal deposition is done at multiple steps in
different angles to create junctions that are smaller than the design. This way the patterning
capability of the lithography system can be overcome by a simple geometry. The undercut
feature is also useful when the deposition is unidirectional, which means not only the top
or the bottom of the resist gets coated but the sidewalls get coated as well. This inhibits the
penetration of removers (acetone) to these areas and the liftoff step might fail if the walls
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Figure 2.3: The process flow chart for various fabrication methods.
30
Figure 2.4: Contact resistances of different metals with epigraphene on SiC vs the work
function difference between the metal layer and graphene measured by R., Joshua et
al. [102]. Ti gives the lowest contact resistance, but Pd is mostly commonly used due
to convenience. Even though there is a variation in the work function differences, the vari-
ance in contact resistances is small. Reprinted from [102], Copyright 2012 by American
Institute of Physics
However, for very unidirectional systems, like atomic layer deposition of aluminum oxide,
even the use of bilayer resists don’t succeed enable the liftoff of thin oxide layers.
From the gating experiments (explained towards the end of this chapter) of graphene,
it can be concluded that putting anything on graphene –other than the lattice matching
insulating layers like hexagonal boron nitride (h-BN)– creates charge traps. Therefore, in
order to avoid altering the nature of the electronic transport on graphene while measuring
it, the development of the contact fabrication technology that minimizes the interaction is
required. An understanding of the contact interference with the charge carriers can reveal
the puzzling and hard to repeat results of graphene based devices.
When we want to isolate the SWGNR that contact pads are aligned to, from many other
SWGNRs, additional alignment - lithography and etching steps are needed (Figure 2.3).
A rectangular protective area over the ribbon needs to be defined and the rest needs to
be etched so that the SWGNR can be isolated and the shorts can be removed from the
system (Figure 2.2). This process introduces hardened resist residues (Figure 2.10(b) and
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Figure 2.5: Pd/Au contacted SWGNRs produced with SEM lithography. Left: A zoomed
in image of a contacted SWGNR where the large circular contacts are 50 µm in diame-
ter. Right: A Zoomed in picture where the large circular regions, visible on the corners
are 15 µm in diameter. This structure also shows how NPGS software works. Different
magnification windows are used for different scales of lithography. This area is exposed
to e-beam in three different windows. The circular regions are added to the design to
compensate for the shifts while the SEM and the NPGS program switch between different
magnifications. The shortest ribbon length is 200 nm. The lead that looks like it is missing
a leg in the picture on the right (in the bottom right quarter of the picture) is designed that
way so that it can be used as a gate lead if needed.
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(c)) to the system after the RIE etching of excess graphene (4 SCCM O2 gas flow at 16W
RF power for 20 seconds). Removal of hardened resist residues requires a sonication step
and the sonication can damage the gentle contacts that touch the 2D material. Therefore
to avoid isolation, hardened resist residues and sonication a whole different approach has
been developed.
First contacts can be put on graphene before the growth, so that the graphene won’t be
exposed to organic resists and resulting residues. Next the isolation step can be skipped
by obtaining SWGNRs that are by default confined to the areas of interest and do not need
etching of additional graphene regions. Once these two methods are accomplished, no pro-
cessing is needed after graphene growth. We call this method ”no post growth processing”
approach (Figure 2.3), which means there is no processing once the graphene growth is
completed. High temperature compatible amorphous carbon (aC) contacts can be used for
this purpose.
2.2.4 Amorphous Carbon Contacts and the New Process Flow
This section presents where aC contacts and its fabrication are included in the process flow
(Figure 2.3). The advantages of using aC contacts are also discussed.
aC can be deposited on the etched mesa sidewalls before any graphene growth. Once
the graphene ribbon grows on the sidewall, it connects to the aC two pads that surround
the step. However, this creates a system where 4 point probe measurement is not possible
(Figure 2.6(a), since the nanoribbon underneath is not continuous). In order to enable the
4 point measurement, where contact resistances can be identified, a continuous SWGNR is
needed under the contacts. If aC contacts can be placed on graphene with a patterning step,
since aC contacts are high temperature compatible and they already need high temperature
exposure to have low lead resistances, the whole system can be annealed above 1000 ◦C
(Figure 2.6(b)). The resulting structure can host a SWGNR under the aC contacts, enabling
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Cleaning and Graphene Growth Liftoff and Heat Treatment
Figure 2.6: Amorphous carbon contact fabrication methods. a) The first method of amor-
phous carbon contact fabrication consists of depositing the film and then RIE etching the
patterned shapes into contact pads. The final structure is high temperature compatible and
it can survive through the epigraphene growth process. b) The liftoff process consists of
depositing amorphous carbon films onto previously defined contacts areas. Liftoff is usu-
ally unsuccessful for a single pulse deposition of amorphous carbon, therefore multiple
deposition of thin layers of aC are needed.
them. Islands of carbon clusters are expected after this process, but the impact of such
particles is a lot less than the effect of resist residues that remain on the graphene surface
after the acetone based wet cleaning/removal of organic resists.
Lifting off aC contacts from a previously patterned area is problematic due to aC failing
to stick to the SiC surface. aC contacts don’t liftoff like metal contacts. It doesn’t stick to
the surface unless it is deposited in a certain way. The aC deposition system 108CarbonA
from Cressington Scientific Instruments uses two graphite rods (Figure 2.7). One with a
sharpened pointing end and one with a flat end. The two rods are pushed onto each other
with a spring mechanism. As the deposition goes on the spring pushes the rods together to
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keep them in contact. Running 120 Amps current through this system causes carbon atom
to sputter from the contact point and this can be deposited on a sample placed below the
setup. For the case of SiC, when this deposition is done in a few cycles, aC does not stick
to the surface (neither to SiC or graphene). Patterned resists hold the deposited carbon, but
once the excess areas are cleaned with acetone, the developed regions don’t have any aC
remaining on them.
The liftoff problem blocked the realization of the setup shown in Figure 2.6 (b). Devel-
opment of the aC liftoff method enabled having a continuous ribbon underneath the con-
tacts and so a four point measurement. Experimenting with the deposition cycles showed
us that using short and repetitive pulses of aC depositions over long periods creates aC lay-
ers that can survive the liftoff. The layered structure in Figure 2.6(b) refers to many layers
of aC deposited on top of each other. For example a deposition that is 15-20 seconds long
can give 20 nm thick aC. The same thickness can be achieved by depositing aC in shorter,
3 seconds long pulses. Getting the same thickness requires 20 to 30 pulses of depositions
and in order to get the same sputtering rate for each pulse, 5 minute long waiting times are
needed after a few cycles to let the rods cool down. After following this recipe till the de-
sired thickness is reached, aC can be lifted off from the SiC surface. In the pulse method,
when the rod doesn’t cool down (not long enough breaks between pulses), deposited aC
might burn the resist and not only fail the liftoff later, but it might also generate patches of
irremovable aC and burnt resist areas.
Repeating the design used in Figure 2.5 for the aC case (Figure 2.8) it is seen that the
same details for small ribbon lengths can be obtained for aC deposited contacts as well.
Many natural steps are visible in Figure 2.8 (Vertical lines). In fact there will be a third
set of alignment mark that will be used for the the last isolation step (Figure 2.3). The
reason why we have so many sets of alignment marks is that only metal alignment marks
are visible under SEM and once we stop using metal on the surface, we need to have a
combination of temporary and permanent marks to know where the ribbon is as shown
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Figure 2.7: Left: The aC deposition system 108CarbonA from Cressington Scientific In-
struments with its two graphite stick graphite stick setup. Rods are pushed towards each
other with a spring mechanism. Right: The chamber with the power supply that can run
more than 150 Amps through the graphite rods.
in the process flow chart in Figure 2.3. Unlike photolithography, a spin coated, exposed
and developed sample can be used again in SEM lithography, enabling features developed
on PMMA/MMA to be visible under SEM. Therefore, an alignment mark pattern can be
developed first and then optical images can be taken. Once we know where these temporary
alignment marks are with respect to the permanent ones, an alignment can be made to the
ribbon.
SEM lithography enables the user to find the alignment marks in a given region. The
size of alignment marks we use are on the order of 5µm and the window that we try to
align at least two alignment marks is 50x50µm2. The smallest feature size is 200 nm and
the maximum allowance for misalignment is on the order of a micron. The new alignment
technique requires high magnification optical imaging and careful measurements.
The first set of alignment marks are etched (20 nm) into SiC to have a permanent refer-
ence. Then the natural sidewall ribbons (to be explained later) on the surface are checked
with LFM and the locations of the good ones (20 nm tall and uninterrupted) are recorded.
After coating with PMMA/MMA, another set of alignment marks are developed (on the
resist - temporary) on the chip. The optical images are taken and the position of the ribbon
with respect to the new alignment marks is recorded. When it comes to aligning the pattern
with SEM lithography to the old geometry, this new location info is used. By adopting a
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Figure 2.8: The same pad design as Figure 2.5, this time it is done with aC liftoff. Under-
lying natural steps contain SWGNRs along the step directions.
longer process flow, like the one shown in the first column of Figure 2.3, the use of metal
alignment marks can be avoided.
aC sheet resistance increases upon cooling and can go up to 2.8kΩ/ at 4K from
1.8kΩ/ at room temperature as shown in Figure 2.9. This causes an increase in the
total resistance of aC contacted nanoribbons at low temperatures (It will be presented later
in the temperature dependent transport measurement section of the transport measurements
section).
2.2.5 Cleaning and Annealing
Contacts built on graphene cause residues that come from the lithography steps and residues
dope graphene. Conventional cleaning methods include acetone bath or 1165 (an oil based
post etch resist remover by Micro Chem) bath. These wet cleaning methods [99, 101, 100]
can clean the surface up to a point, but following AFM measurements show that some form
of residues still exists on the surface.
37
Figure 2.9: The sheet resistance of amorphous carbon annealed at 1500◦C vs temperature
from [103]. The sheet resistance increases upon cooling from 1.8kΩ/ at room tempera-
ture to 2.8kΩ/ at 4K.
a) b) c)
Figure 2.10: A graphene Hall bar with amorphous carbon contacts and the resist residues
coming from fabrication steps. (a) An optical image showing the negative resist used for
patterning. (b) LFM images of hardened-polymerized resist residues. After the dry etch
and following wet cleaning, some parts of the polymerized resist do not wash away from
the graphene surface. This leaves hardened residues on the surface (top half). The soft
resist residue on the lower bottom half of the graphene Hall bar can be cleaned up to a
point with a heat treatment as shown in (c). (c) The bar after the heat treatment (1000◦C
for 20 minutes). The soft residue centers are shrunk but the hard residue patterns are still
on the surface. The scale bars are 5µm long in all figures.
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Electron mobility of monolayer graphene on Si face of SiC is on the order of 500cm2/V s,
giving mean free paths on the order of 100 nm to 500 nm [39] for a charge density on the
order of 1012cm−2. Cleaning (with the heat treatment) the patterned graphene can raise
the mobility value up to 600cm2/V s, an overall 20% increase for graphene samples with
polymerized resist residues (Figure 2.10).
Other cleaning methods in the literature include UV ozone treatment [104], acetic acid
bath [105], thermal annealing [106] under Ar atmosphere and vacuum annealing [107].
Comparing all these methods through measurements of Raman spectroscopy before and
after the treatment, along with resistivity measurements and mobility and charge density
measurements for Hall bar shaped planar graphene setups, we obtained an order in terms of
what cleaning method works the best. A different order can be made from literature, which
might be due to some of the literature experiments being done on exfoliated graphene,
which is by default not a clean environment. In our investigation, the heat treatment method
(heating of aC contacted graphene up to 1000◦C in a closed crucible) worked best for
epigraphene on SiC.
Etching graphene especially with MAN (ma-N negative tone photoresist by Micro Re-
sists Technology) based resists causes hard to remove resist residues. A heat treatment can
clean soft residues on such samples, but polymerized residues can still remain in the shape
they obtained after dry etching. Figure 2.10 shows a Hall bar made with aC contacts. aC
contacts are deposited on a monolayer sample first and then the Hall bar pattern is etched
with MAN resist (Figure 2.10 (a)). Figure 2.10 (b) shows the region right after the etching.
There are two types of residues, the soft (bottom half) and the hard-polymerized residue
(the top half). Part (c) of the same figure shows what happens after the heat treatment
(1000◦C for 20 minutes). The soft residue can be cleaned to a point but the hard parts
survive through the treatment. Unless sonicated (before the ehat treatment) such residues
exist on graphene after dry etching. Therefore, either dry etching on graphene should be
avoided, or methods that allow sonication need to be developed.
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Overall, samples with ”no post growth processing” (Figure 2.3) approach give the
cleanest graphene surfaces. Etching with organic resists should be avoided. The exposure
to air can still cause an increase in the overall resistance (Figure 2.1) even for samples that
are produced with clean processing methods (Figure 2.6 (b)) and that have gone through
heat treatments. Therefore, another heat treatment right before a transport measurement is
necessary. A vacuum probe station is built for this purpose which is explained in the next
section.
2.3 Handling and the Measurement Techniques
Since samples give much higher resistance profiles (about twice the resistance) in air (Fig-
ure 2.1) or after they are exposed to air, a degassing phase is needed before a transport
measurement. A vacuum annealing probe station system is built for this purpose (Fig-
ure 2.11).
The vacuum chamber can be pumped down to 10−6mbar. This helps sample to degas
and helps lowering the resistance. The copper piece that the sample sits on contains a heater
underneath that can heat the piece up to 400◦C and micro-manipulators can reach over the
samples with 50 nm lateral motion precision and the attached probes can be lowered onto
the contacts for transport measurements.
This enables us to make measurements while graphene is clean. Further measurements
done in this chamber are given in the Experimental Measurements chapter. Details of the
setup and the details of the software used to control the micro-manipulators are given in
appendix.
2.3.1 Gating
A gate oxide layer and a gate metal on top of the oxide can only be considered for graphene
if the graphene is already covered with a lattice matching insulating layer (h-BN). Other-
wise the roughness that comes from the oxide layer creates charge traps. These traps show
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Figure 2.11: Vacuum probe station setup. Left: The chamber with four bnc connections
to four probes and the camera to observe the micro-manipulators. The chamber has a
plexiglass lid that enables the camera to focus on the chip underneath. Right: The top figure
shows the configuration of the micro-manipulators. Each manipulator has a tip attached on
them which can be used as probes. Bottom figure shows the measurements done with four
probes. The largest circle on the contact design is 50µm in diameter.
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Figure 2.12: Gate voltage vs resistance measurements of a SWGNR with lengths ranging
from 400 nm to 700 nm. The hysteresis loops indicate charge traps under the gate oxide.
Also there is no visible charge neutrality center which normally shows up as a resistance
peak.
up as hysteresis loops (most of the time, not always) over resistance vs applied gate voltage
measurements. Also it is challenging to gate the nanoribbon to the charge neutrality point
if the graphene is heavily doped by the oxide layer.
The hysteresis loops of a gated ribbon that has multiple lengths (from 400 nm to 700
nm) are given in Figure 2.12. 100 nA constant current is applied through all ribbons while
voltage measurements are taken in a four point setup.
The geometry of a gated nanoribbon can be seen in Figure 2.13. The gate oxide is
obtained by first depositing a seed layer Al on the whole chip surface with Physical Vapor
Deposition (PVD) technique (2 nm, which is enough to fully self oxidize). This step is
necessary because Atomic Layer Deposited (ALD) oxide doesn’t wet the graphene surface.
After the seed layer 20-25 nm of Al2O3 is deposited by an ALD system. While the oxide




A CryoIndustry cryocooler has been used for low temperature measurements. The setup
has the ability to go from 420 K to 4.2 K and it can sweep magnetic fields up to 9T.
The normal minimum cryocooler temperature 4.2 K, can further be brought down with
a continuous He flowing technique through the space that surrounds the sample region. The
condensed He that is supplied to the surround space through micro tubes can be pumped
out of at a slow rate, while the flow rate through the micro tubes are adjusted accordingly.
The two parameters that can stabilize this system are the He flow and the pumping rate.
These two variables can be varied till a stable low temperature value is obtained. Stable
temperatures below 1.6 K can be achieved with this method. Targeting a certain value for
the lowest temperature is not always possible since the minimum of the system varies.
2.3.3 Packaging-Coating of Graphene with h-BN
As mentioned, graphene is susceptible to any exposure and any deposition. The ideal
graphene fabrication would consists of covering graphene with an insulating layer, that
doesn’t interact with the surface, right after the growth. h-BN is a good candidate for this
purpose. It is an insulating material and it has a matching lattice with graphene. This
feature minimizes the interaction and helps graphene preserve its electrical properties.
Hetero-structures [108] –that contain h-BN coated graphene– have led to the observa-
tion of unique electronic features like Hofstadter’s Butterfly [109]. Observations of this
kind restates the importance of preserving the graphene crystal pristine and preventing the
exposure to residues and contamination before, during and after the fabrication.
Lateral growth of h-BN on epigraphene on SiC has recently been established [110] and
the extension of this new technology to SWGNRs can improve the next generation transport
measurements.
43
Figure 2.13: The final SWGNR device with the gate over an isolated natural step nanorib-
bon. The gate connection is the thick lead on the right. The same lead can be seen uncon-




Nanofabrication can be split into two sections for the case of graphene: the first is crystal
growth and the second is fabrication. In a reverse order, the fabrication steps are given in
the previous chapter since the epigraphene growth needs a longer discussion.
For the case of SWGNRs some pre-growth steps are needed to satisfy the selective
growth conditions that makes SWGNRs confined to certain areas. Therefore, SWGNR
growth will be explained by first starting with the epigraphene growth itself, then the pa-
rameters that affect the growth process will be listed and the methods developed to over-
come resulting problems will be introduced.
The approach of varying each parameter during a process not only costs time, but also
not always possible since the change in some parameters are undetectable during the pro-
cess or over time as the setups are used. Therefore, during the course of this study, the main
approach has been to lower the number of variables by developing methods where we can
avoid inconsistencies. Epigraphene nanoribbon growth techniques are investigated in this
sense and the growth methods are summarized in the following sections of this chapter.
3.1 Graphene Growth
Graphene is a 2D crystal. It is not a polymer, therefore growth rather than syntheses is
the terminology of choice. In a similar manner to any other crystal that needs to be in-
tegrated into a device, either to study the electronic transport properties or for industrial
fabrication purposes, the crystal needs to be grown on the measurement substrate. Trans-
fer of graphene to another substrate, conventionally, is not an industrially scalable method
due to the high probability of interface defects, lattice mismatching, non-reproducibility,
crystal defects and imperfections. In literature there are mainly three graphene production
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methods: exfoliation, chemical vapor deposition (CVD) and epitaxial growth.
Exfoliation simply consists in peeling a layer of graphite by using tape. Even though
it offers a quick way to obtain graphene layers, compared to other methods, it lacks the
standards in terms of scalability.
Chemical vapor deposition (CVD) is the method where graphene is grown on Cu (or
other metal substrates) at elevated temperatures. Large graphene flakes up to 1mm2 can be
obtained using this method, therefore it is highly scalable. However, utilizing this graphene
requires transferring the material from Cu to an insulating surface, unless it is to be used
on Cu.
Epigraphene on SiC is the method where graphene is obtained by thermal decomposi-
tion of SiC. Once the Si is sublimated from SiC surface, the leftover C forms the graphene
on an insulating substrate and it doesn’t need transfer.
Among the existing production methods, epigraphene on SiC is the only scalable one
that doesn’t need to be transferred to an insulating substrate. Epigraphene also enables the
scalable production of SWGNRs [67] which show ballistic transport [84].
3.2 Epitaxial Graphene Growth Mechanism
Production of epigraphene on SiC starts with the selection of commercially available SiC
wafers that are cut from single crystal boules. SiC has many crystal structures, with differ-
ent polytypes as shown in Figure 3.1. During this study wafers cut from 4H and 6H SiC
crystals are used.
In past years the quality of surface polishing of commercially available SiC wafers was
not high enough to perform epigraphene growth and an additional hydrogen etching step
was necessary for surface planarization. Today, chemical and mechanical polishing (CMP)
of SiC wafers give low enough roughness such that hydrogen etching can be avoided. It is
also shown that hydrogen etching can cause an increase in the overall resistance of graphene
layers [111].
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Figure 3.1: Different stackings of SiC crystals. Only 4H and 6H SiC are used for
epigraphene growth. Reprinted from [113], Copyright 2002 by IEEE.
CMP polished wafers have flat surfaces. However, even wafers cut on-axis have small
miscut angles. Once the sample is exposed to epigraphene growth temperatures, that is
on the order of 1500◦C, these natural steps start moving on the surface and bunch into
each other [112]. These steps prevent the morphological confinement of the ribbon, which
will be explained in detail later in this chapter (Figure 3.12). In order to prevent the step
bunching from happening during the graphene growth, an additional annealing step can be
used.
The first step in epigraphene growth is the selection of the chip dimensions. For all
the samples in this thesis SiC wafers are cut to 3x4mm2 SiC chips. Then small chips are
sonicated in IPA and acetone respectively for 20 minutes to remove any residues. For planar
graphene, no further processing is needed on SiC before the epitaxial growth process.
Graphene can be obtained on SiC with a controlled thermal decomposition mechanism.
By utilizing a confinement with a leak hole, controlled sublimation of silicon carbide has
been established in the confinement controlled sublimation (CCS) method [114]. The de-
tails of the setup are given in Figure 3.3.
In the CCS process a graphite crucible with a leak hole is heated by induction while the
SiC chip sits inside. As the temperature rises, Si starts sublimating from the SiC surface and
from previously Si saturated inner walls of the crucible. Having the crucible in high vacuum
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Figure 3.2: Left: A broken graphite crucible showing Si saturated inner walls. Si accumu-
lated on the inner walls of the crucible can be the dominating factor that inhibits graphene
growth during the CCS process. Right: Induction furnace is heating up a crucible. The
temperature of the crucible is recorded by an optical pyrometer on the left. This laser py-
rometer can read through the quartz glass tube. this reading is then used by a feedback
program to set the RF power of the induction heater.
(≈ 10−6mbar) during the heating results in escaping of Si vapor through the leak hole. This
partial pressure difference can be finely tuned to the point where the Si sublimation is small
enough to remove Si only from the first few layers of the SiC. The left over carbon on the
SiC surface forms graphene with high structural quality. Si face(0001) of SiC can host
few layers of graphene while C face(0001̄) can host many layers. This happens due to
different Si sublimation rates from these surfaces. The crucible geometry (inner volume,
leak hole size, inner surface area), Si saturation of the crucible, the selected SiC wafer,
pressure outside the crucible and the growth recipe (temperature steps and the duration) are
all factors that can be optimized to obtain few layers of graphene on the surface.
Even though the CCS process looks like a conventional gas flow through a constriction
type of fluid dynamics problem, temperatures as high as 1500◦C and high pressure dif-
ferences between inner and outer parts of the crucible and short growth times prevent us
coming up with a simple model for the process.
Figure 3.3 shows the CCS setup. Once a certain temperature is reached (depends on the
external pressure, but 1400◦C can be considered for our setup), Si starts evaporating from






















Figure 3.3: A schematic of the Confinement Controlled Sublimation of SiC method. This
figure elaborates the setup shown in Figure 3.2. The feedback mechanism reads the temper-
ature and the pressure, then it adjusts the RF power with respect to the temperature reading.
The pressure reading is just to make sure that the starting pressure is reached. ASiWalls is
the Si pressure coming from the crucible walls. Pin and Pout are the inner and outer pres-
sures. The rate variables represent the Si sublimation rate from the SiC surface and the Si
leak through the hole. The variables are explained in detail in appendix.
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the Si pressure degassing from the walls is expected to reach a temperature dependent
constant value and unless the temperature is changed, it should remain constant (ASiWalls).
For the case of a leak hole and having a SiC chip in the crucible, Si pressure from the
walls is still assumed to be constant. However, it is observed that a crucible stops growing
graphene if it is used a few times in a row without being unsaturated (Heated empty so
that the excess Si can escape the crucible). This means that the Si on the inner walls of
the crucible builds up over time, indicating that the Si sublimating from the chip is in fact,
more than the escaping Si. This effect shows up over long periods of time, therefore for
the simplicity of modeling a single growth event, the Si build up on the walls is ignored.
The Si escape rate (RSiEscape) and the Si sublimation rate (RSiV apor) are assumed to be the
equal.
The amount of Si sublimated from the SiC surfaces during a monolayer growth on
Si-face (0001) (Figure 3.4) can be estimated. By knowing the mass leaving the system
over a certain time period, the average flow rate can be calculated. Details of the variables
involved in the CCS process along with a simple model to obtain the flow rate are given in
appendix.
Modelling the growth and pinpointing a recipe for monolayer graphene with uniform
coverage is also challenging due to the initial conditions of the SiC chip playing a substan-
tial role in the final graphene amount on the surface. For monolayer samples, SiC crystal
imperfections and surface roughness can lead to defected graphene. Upon choosing an
incomplete characterization scheme, these low quality features of graphene might go un-
noticed. For example, Raman spectroscopy can be used to analyze the number of layers
of graphene grown on the C-face (0001̄) (Figure 3.4). The D peak (1350) can tell about
the structural quality of the crystal and comparison of the 2D (2700) peak to the G (1550)
peak can indicate the number of layers. Two similar Raman profiles can be obtained for
monolayer looking like samples but a following surface spectroscopy might reveal signifi-
cant differences between surface morphologies. Therefore, it is important to pick the right
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Figure 3.4: The C-face (0001̄) and the Si-face (0001) of SiC and the graphene growth
dynamics on them. Few layers of graphene grows on the Si-face while many grows on the
C-face. The first graphene layer on the Si-face, that is is pinned to the SiC, is called the
buffer layer.
characterization method for the experimental purpose.
3.2.1 Epitaxial Sidewall Graphene Nanoribbons
Si sublimation is not uniform across the SiC surface. As the SiC is heated up, the sub-
limation starts earlier on certain facets. Upon pre-templating the surface, such facets can
be introduced into the SiC before the graphene growth. Once the graphene growth recipe
is finely tuned and the growth process is stopped before the graphene extends to other
facets, graphene formations confined to the templated facets can be obtained. Convention-
ally [67] 20 nm mesas or trenches can be etched on SiC surface using RIE to fabricate
SWGNRs (conventional SWGNRs). Once these structures are heated, sublimation occurs
on the sidewalls before it does on the (0001) (Si-face) planar face of 4H SiC. This feature
can be used to obtain selectively grown graphene ribbons along the sidewalls of predefined




Figure 3.5: Zig-Zag and Armchair epigraphene nanoribbon structures on SiC. ZZ and AC
graphene edge terminations of can be obtained by pre-etching the SiC crystal in (11̄00) and
(1̄1̄20) directions.
With epigraphene, the stacking of few graphene layers varies depending on the face
(Figure 3.4) [115, 116, 117]. On Si face (0001) of SiC, multilayer graphene has Bernal
stacking [21]. SWGNRs on the other hand can made to be monolayer [118] as it can be
seen from cross sectional TEM images in Figure 3.6.
TEM images in Figure 3.6 show that a monolayer graphene freely stands on the side-
wall which has nearly a 27◦ angle. Towards the top and bottom of the sidewall, mini step
formations start and the SWGNR merges into the buffer layer that sits on the plateaus.
Buffer layer is pinned to the SiC crystal (Figure 3.4) and compared to graphene, it has very
high electrical resistance. Therefore, the conduction is dominated by the SWGNR part if
any current was to be sent along the ribbon.
The amount of graphene that can be obtained on SiC after the growth process heavily
depends on the initial conditions. Initial conditions of the experimental setup only con-
sists of the crucible condition. As the crucible is used repeatedly, we have observed that
the amount of graphene grown reduces. This was related to a Si saturation of the crucible
that prevents additional Si sublimation from the SiC surface. In order to prevent that, the
crucible can be baked without a SiC chip inside before any growth attempt. Baking the
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Figure 3.6: A TEM image of a SWGNR[119]. SiC atoms can be seen with atomic precision
while monolayer graphene on top stands freely. Graphene is pinned to the SiC crystal
over the plateau. This pinned section of graphene is called the buffer layer. Reprinted
from [119], Copyright 2016 by IOP Publishing.
crucible above the regular graphene growth temperatures for a long time (if the graphene
growth recipe is 1450◦C for 10 minutes, then the empty bake recipe can be chosen as
1500◦C for 2 hours) results in Si unsaturated crucible walls. The next chip that is grown
with a regular recipe inside that crucible ends up growing a greater amount of graphene
on it, since the crucible walls were unsaturated and Si sublimation from SiC became easy.
Samples with such extra graphene coverage are called overgrown samples. Only after a
sacrificial sample is grown with a regular recipe, the crucible walls have the right amount
of Si saturation and an actual SWGNR growth can take place. The second growth after the
empty baking of the crucible gives the best chance to obtain a consistent growth environ-
ment for SWGNRs. Si pressure inside the crucible is not high or low to create undergrown
or overgrown samples.
A second parameter is the initial conditions of the SiC crystal surface. Miscut angles
changes locally on a wafer and causes random different densities of natural steps on the
surface. These natural steps can become the nucleation centers of unwanted graphene
growth around the patterned, targeted graphene areas (SWGNRs).
Graphene growth on SiC has been modelled in various ways [120, 121, 122] and models
have been proposed SWGNR growth on non-planar facets [123]. Graphene growth is hard
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Figure 3.7: Lateral force images of grown ribbons, The stripe in the middle is a 20 nm
step on which we aim to confine the SWGNR growth. Lighter areas correspond to low
friction graphene regions. Left: Lateral force image of a slightly overgrown ribbon. Right:
A heavily overgrown ribbon. The right sample is grown right after an empty bake of a
crucible, the result is an overgrown sample. The sample on the left is grown with the
same recipe right after the sample on the right. Since the crucible is saturated during the
first growth, the overall Si sublimation is lower in the second growth due to elevated inner
Si vapor pressure. The final graphene coverage is significantly less than the first growth
attempt. The scale bar is 500 nm long in both pictures.
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to model because two factors that trigger each other are activated simultaneously during
the growth. The first one is the Si sublimation and the second one is the step flow [112].
Especially the change in volume calculation is complicated in a modelling of the growth of
SWGNRs. Since the 20 nm tall steps are likely to move at graphene growth temperatures,
one needs to consider the change in volume in terms of the distance steps move and the
angle change sidewalls are experiencing. In order to simplify the problem and analyze the
growth through the change in the volume of SiC, let us consider only steepening. As it will
be shown later, it is possible to reduce step flow through addition of an annealing step that
stabilize the step before the epigraphene growth.
In order to obtain monolayer graphene one needs to sublimate Si from the top three
layers of SiC [124]. Therefore, for the case of sidewalls, if one knows the initial angle, the
step height, the final angle, then the volume change in SiC can be calculated. This volume
can then be assumed to be a slab of SiC with the final width and length of the SWGNR. If
monolayer graphene is desired then the corresponding change in volume can be calculated.
If the step remains at the same position and only faceting is considered then the change in





where 27◦ is the angle of the stable SiC facets ((11̄0n) with n=7 for AC and (1̄12n) for ZZ
with n=12) which is defined crystallographically [125, 126].
For a slab of SiC that has dimensions of X (height), L (length) and h/(Cos(Θ)) (width,
taken same as the ribbon width), the volume is:
V = X × L× h/(Sin(27◦)), (3.2)
the condition that gives the monolayer graphene requires exactly three layer of SiC to be














Figure 3.8: A simple growth model that ignores all step flow parameters. Just by looking at
the change in the angle of the facet, one can identify how much SiC needs to be thermally
decompose for monolayer graphene. a) The change in the facet angle if the initial facet is
shallower than 27◦, b) steeper than 27◦. The fixed reference point is considered to be at the
top for a) and at the bottom for b).







15 = h(Cot(Θ)Sin(27◦)− Cot(27◦)Sin(27◦)), (3.4)
15 = h(Cot(Θ)Sin(27◦)− Cos(27◦)). (3.5)
Parametrizing such an equation to the step height and to the initial step angle, and as-
suming that the final facet angle is 27◦ and the steps height remains the same, two resulting
equations can be obtained. The first one is for the initial step angles that are less than 27◦
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and the second equation is for the ones that are steeper than 27◦.
15 + hCos[(27Π)/180] = hCot[θΠ/180]Sin[(27Π)/180], (3.6)
15− hCos[(27Π)/180] = −hCot[θΠ/180]Sin[(27Π)/180], (3.7)
where h is the initial height and θ is the initial step angle.
This calculation shows that in order to have a 27◦ facet, which is experimentally ob-
served to be the stable facet for SWGNRs, One needs to start with the initial sidewall
angles of either 16◦ or 37◦. Anything in between these angles will not give the needed
amount of carbon to form a monolayer graphene on the sidewall. Anything outside this
angle interval will give too much carbon and will result in overgrown SWGNRs. A method
to control the initial angle will be introduced later in this chapter (Figure 3.18).
The graphene on overgrown SWGNRs first start expanding on the top edge of the step.
This becomes more complicated when we also consider the buffer layer that is necessary to
obtain monolayer graphene on the Si face of SiC. This means twice the carbon material is
needed to form a free standing monolayer graphene on the Si face. Models explaining the
non-planar graphene (SWGNR) growth by retraction of a step assumes the carbon material
that emerges at a spot is static and doesn’t move on the sidewall or on the surface [123]. The
carbon is assumed to form graphene on the spot that it is first freed from Si. However, by
simply looking at the amount of carbon that comes from faceting after epigraphene growth
it can be concluded that a mobile carbon approach is necessary to model the growth. But
also the nucleation point of graphene growth on plateaus has always been a topographical
indentation or a bump [127], then layer by layer growth has been observed from these
nucleation points. Therefore, it can be said that a combined approach that considers the
step motion triggered growth along with mobile carbon atoms needs to be put into the
same equation to model the graphene growth.
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Figure 3.9: Required initial boundary conditions to obtain monolayer graphene on a side-
wall. Black and green dashed lines indicate the common final conditions (20 nm tall facets
with 27◦). Red and blue lines are equation 3.4 and equation 3.5 respectively. By moving
the black and green lines, one can find the required initial conditions to obtain monolayer
graphene the on the 27◦ facet. Current lines show that an initially 20 nm tall step should
be angled at either 16◦ or 37◦ (from equations 3.4 and 3.5) in order to turn into a 27◦ facet


























Figure 3.10: a) A conventional SWGNR production scheme which results in parasitic
sidearm graphene attachments. b) The Natural step GNR fabrication method. First, chips
are annealed face to face to elevate step bunching, then these samples are used for GNR
growth. Confined GNRs on natural steps of the SiC can be obtained using this method.
3.2.2 Step Flow and Step Bunching on SiC
Each SiC wafer is cut from a single crystal boule, however even wafers cut on axis, can have
a certain miscut angle. The final surface morphology can be tuned by selecting the correct
growth regime for the sample. For example similar quality graphene can be obtained by
applying a short exposure to high temperatures or a longer exposure to lower temperatures.
The trade off between these growth recipes is the step flow of SiC that increases as the
graphene growth temperatures are increased.
Small SiC steps that are not visible during an atomic force microscopy (AFM) scan,
can bunch into each other during graphene growth and form taller structures. If the natural
steps align parallel, or close to the parallel to the etched step, then they can merge to the
main step, forming sidearms (Figure 3.10(a)). If the natural steps are perpendicular to the
SWGNR, the step flow can even disconnect the sidewall (Figure 3.11). A LFM image of
sidearms can be seen in Figure 3.12. The density of these sidearms depends on the miscut
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Figure 3.11: LFM image of a discontinuous SWGNR. When natural steps of a crystal are
aligned vertical to the mesa direction, a long growth recipe that enables the step flow can
cause a split in the 20 nm tall mesa. In this example the natural steps of the crystal is in
the ZZ direction, while the mesa is in the AC. An opposite picture can be obtained for a
chip with natural steps in ZZ direction and mesas in AC. Therefore, no dependence of this
phenomena on any of the main directions (AC or ZZ) can be generalized. The scale bar is
1µm long.
angle which varies on a wafer due to the miscut being a localized parameter, which means
that the miscut angle can change at different locations on a wafer.
The sidearm formations in Figure 3.12 that have the 30◦ angle to the main SWGNR
shouldn’t be attributed to the 30◦ angle between ZZ and AC ribbons. During the growth
tests of hundreds of SWGNR samples in various directions, no link was found between the
special ZZ and AC directions and the graphene growth.
Conventional SWGNR (Figure 3.10 (a)) fabrication process starts with the spin coating
the chip with an organic resist. Then lithography techniques (exposure to UV with a mask
in case of photo-lithography or exposure to electron beam in case of the E-beam lithogra-
phy) are used to define the mesa areas. Once these areas are developed and a resist mask
in the shape of mesas is established on the SiC surface then the structure etched with RIE
etching technique by using 1:4 mixture of SF6 and O2 gas flows (0.8 SCCM to 3.2 SCCM)
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Figure 3.12: LFM scan of a conventional SWGNR. The straight bright line in the middle
which is connected to the contact on top of the figure shows the actual SWGNR. Every other
bright line that roughly makes 30◦ to the SWGNR in the middle is a sidearm formation.
at 100W RF power. Applying this recipe for nearly 14 seconds give 20 nm deep steps on
the SiC surface. Sidewalls of these steps later can be used to grow SWGNRs.
The conventional SWGNR method causes sidearms that emerge as ribbon lengths in-
crease and it needs to be solved for more consistent measurements. For certain samples
complicated ribbon geometries can lead to unusual transport measurements (additional un-
categorized measurements are given in appendix). Consistently for such samples, it is
found that the main source of uncertainty in transport and magneto-transport measurements
had been the overgrown graphene amount that randomly shorts ribbons. Sidearms make the
geometry of a SWGNR more complicated than the geometry of a confined epigraphene rib-
bon (Figure 3.12).
Sidearms are shown to be a factor that lower the mean free paths of SWGNRs [128].
In order to avoid and suppress the sidearm formation an alternative approach in the growth
process has been developed. Small steps of the SiC crystal form slightly taller structures
(2nm to 5 nm) when the chip is exposed to high temperatures (in the range of 1500◦C).
There are two types of step flow, the first one is the flow of the step due to crystal dynamics,
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and the second is the retraction of the steps due to the thermal decomposition during the
graphene growth.
In order to avoid sidearms, two paths can be followed: first is to choose on-axis wafers
and second is to utilize the natural steps into GNR growth. The miscut is a local effect,
therefore it would be unlikely to obtain uniform miscut angles on on-axis wafers. Also the
wafer cutting technology needs to give atomically flat surfaces on lengths that are compa-
rable to the size of the chip or to the diameter of the wafer. The second path is to utilize the
natural steps into SWGNR fabrication (Figure 3.10 (b)). If the natural steps with heights
that are comparable to the conventional SWGNR mesas (20 nm) can be obtained, then the
etching of mesas and the possible oxygenation effects [129] that come from RIE etching
can be avoided. The steps can be utilized as processing free natural structures that can
host GNRs on their sidewalls. A pre-growth annealing (pre-annealing) method needs to
be introduced to obtain stable natural steps. Such structures can resist the step flow and
graphene grown on them can be confined to the sidewalls.
3.2.3 Annealing of SiC
Utilizing the natural steps of a SiC chip for SWGNR growth requires two conditions: high
temperature exposure to promote the step bunching and suppression of graphene growth
during the process. Since epigraphene growth happens due to the thermal decomposition
of SiC, preventing Si sublimation from the surface can be used as a method. This can
be achieved by using a closed crucible in a pressured chamber. A closed crucible can
contain the sublimated Si vapor and the higher external pressure (2atm Ar) further reduces
escaping of the Si. Moreover additional Si vapor pressure can be introduced to the inner
volume by using a crucible that has Si saturated walls.
Figure 3.13 shows the annealing furnace setup. This setup enables heating of the cru-
cible while flowing gas through the system above atmospheric pressure. The step bunching
process is as follows: first the closed crucible is saturated in Si by melting Si chips at
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Figure 3.13: The annealing furnace is similar to the growth furnace except that it is de-
signed to allow gas flow along the tube during the heating. Heating the crucible in Ar
atmosphere helps suppressing the internal Si vapor and having high Si pressure in the cru-
cible prevents any graphene growth. Inner pressure of the chamber can be set by the reg-
ulator of the canister while the flow through the system can be set by the mass flow meter
at the end of the chamber. Typically 16 psi Ar pressure above the atmospheric pressure is
chosen with 4 SCCM flow rate.
1500◦C for an hour, then six to eight chips are stacked face to face [130, 131] (polished
faces) into this crucible (Figure 3.10 (b)). Having chips stacked upon each other creates
additional confinement and can be considered as an additional preventative measure for Si
sublimation, so for any possible epigraphene growth. Heating the crucible under 16 psi
Ar pressure above the atmospheric pressure with 4 SCCM flow rate up to 1700◦C for two
hours results in bunched large natural steps.
After the annealing, natural steps as large as 20 nm can be obtained (Figure 3.14).
Taller steps are followed by larger plateaus indicating that all the steps in that region have
bunched into a single structure. Smaller steps are followed by narrower plateaus indicate
that the step flow hasn’t been completed (Figure 3.14).
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Figure 3.14: Left: Six face to face stacked SiC chips are annealed in a closed crucible in
Ar atmosphere at 1700◦C for 2 hours. After the annealing, steps as tall as 20 nm can be
obtained. Right: The line profile taken on the section that is marked on the topography
scan on the left. The scale bar on the left is 4µm long.
3.2.4 Natural Step Ribbons
Another feature of natural steps is their step flow dynamics during the epitaxial growth.
Since the steps are stabilized at high temperatures prior to the CCS step, they don’t tend
to flow during the graphene growth. This enables faceting during graphene formation (i.e.
slope change as described in Figure 3.8). Si sublimation at sidewalls still occurs on natural
steps but since the steps are stable, they don’t tend to retract but rather they change their
angles to compensate for the volume change. This results in graphene to be formed on the
27◦ facet. Natural steps that can reach up to 20 nm heights after the annealing can form
stable structures that can resist the step flow during the growth. Smaller natural steps tend
to release a sub-step that flows over the plateau during the graphene growth and these mini
steps form meandering sidearms formations. Even though meandering steps (Figure 3.15)
are still sidearms, their density is much less that the sidearm density of a conventional
SWGNR production (Figure 3.12).
Different growth regimes can be chosen for different step formations and the amount of
meandering steps can be lowered by choosing the right one. A slow growth process means
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having a lower temperature for longer duration. Choosing a smaller leak hole crucible for
the same temperature but longer time periods can give the same slow growth conditions.
The total Si vapor escaping from the SiC surface corresponds to the total graphene amount
on the SiC surface, however the total amount is estimated for systems with a constant leak
rate, for systems that are in equilibrium. Fluctuations in the Si leak rate can change during
the growth process and can put the system into a non-equilibrium state. As the graphene
growth starts and in case a nucleation center is introduced (a small step escaping from a
larger structure), then the graphene growth can start on the plateaus. But the overgrowth
on the plateaus requires the sidewall to be covered with graphene first. Figure 3.7 first
shows SWGNR formation, the overgrowth that starts on the right side of the ribbon can
be seen in the scan given on the left. In the same figure the LFM scan on the right shows
what happens when that overgrowth covers the plateaus. Therefore, if the overgrowth (a
monolayer graphene formation from a step to a meandering step) is not present then it can
be concluded that the step flow happens before the graphene growth on the sidewall starts.
Therefore, if graphene can be grown before the step flow starts for such a system, then
more confined SWGNRs can be obtained. This shouldn’t be a common strategy to grow
graphene for all natural steps but only for those that give meandering ribbons detached
from the main ribbons. The right graphene growth regime can be chosen by observing the
step flow dynamics of the wafer and the selection can help confining the morphology of
SWGNRs.
For example a meandering step, which initiates from an unsaturated natural step for-
mation, can start flowing on the surface at high temperatures. If the temperature is high
enough it can grow graphene on the plateau, if not it can flow till the growth starts and the
form a meandering ribbon formation, rather than a monolayer on the plateau. This means a
better morphology can be obtained by keeping the growth regime short, so that meandering
steps don’t start traveling on the flat surfaces.
Figure 3.16 shows contacted narrow natural SWGNRs. The improvement from Fig-
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Figure 3.15: Topography and LFM of natural step SWGNRs after growth. The area is
same as the sample in Figure 3.12, yet the density of sidearms is much less. Also the height
of natural steps are enough to pin the steps after growth, which gives straight ribbons.
Meandering steps that emerge after the growth can be avoided by optimizing the growth
recipe.
ure 3.15 comes from the selection of a faster growth regime that worked better for the step
flow dynamics of this wafer.
3.2.5 Comparison of Nanoribbon Growth Techniques
The effect of step flow on the graphene confinement of a natural step system, which uti-
lizes annealed SiC steps, can be optimized by choosing the convenient growth regime.
However, natural step system removes the scalability feature of SWGNRs, since the natu-
ral step directions are straight, but the density of the ribbons are random (on a chip). But
combining all the observations done on the SWGNR growth, it can be concluded that if
the step flow can be controlled and if the initial conditions of the crystal (step heights and
facet angles) can be controlled, then confined SWGNRs can be grown at desired locations.
The observations that show how steps flow and faceting happens for etched mesas and nat-
ural steps (Figure 3.21 and 3.24) are presented in the Experimental Measurements chapter.
Before and after graphene growth images of anchored SiC steps that show how facets and
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Figure 3.16: Natural step SWGNRs that has amorphous carbon contacts. The image on the
left shows the optical image and the right image shows the LFM scan of the area that is
marked on the left. Sidearm and meandering ribbon free graphene ribbons are obtained by
choosing a faster growth regime that worked for the step flow dynamics of this wafer. The
scale bars are 5µm in both cases.
morphology changes, are used as the experimental proofs of the statements made in this
section.
If the step can be stabilized prior to the graphene growth and if the initial facet can be
brought to a certain angle, then the SWGNR growth can follow the trend in Figure 3.9.
However, if the steps retract and no faceting occurs then a controlled and scalable SWGNR
growth can’t be obtained. In this sense, the annealing method is combined with the etched
mesa technique to see if the initial conditions can be tailored. Once the required facet
angles are obtained in a step stabilized system, then growth recipe can be optimized to give
confined SWGNRs on stable facets.
Figure 3.18 shows the topography and error obtained from AFM scans of an annealed
mesa structure. By first etching mesas on SiC with patterning and RIE and then applying
the annealing procedure to these chips, initial facet angles of mesas can be controlled (still
not consistently). This requires finding the annealing recipe that gives the desired facet
angle. If such a facet can be obtained through an annealing recipe then a growth recipe
can optimized for such a system. Figure 3.19 shows after growth facets of a confined
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Growth Dynamics of SWGNRs
Terminology for sidewall growth
Growth amount: Undergrown, grown, overgrown
Sidewall shape after growth: Straight, meandering, sidearm containing








Pre –growth surface treatment dependent variables




Crucible dimensions, hole, and volume
Crucible saturation, internal Si pressure
Crucible dependent variables
Figure 3.17: The terminology list used to to explain the morphology and the growth of
SWGNRs.
Figure 3.18: Topography and error signal of a 20 nm tall annealed step. At this stage it has
no graphene, but since the chip is annealed step flow is saturated. Therefore, only faceting
due to graphene growth is expected. the line profile across the step shows 16◦ facet angle,
which is very close to the desired initial angle needed for monolayer growth on a 20 nm
tall step(Figure 3.9). Left: topography of the step, right: error signal of the same scan that
shows surface morphology. The scale bar is 500 nm long.
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Figure 3.19: Topography and error signal of a 20 nm tall step after growth. The annealed
facet in the previous figure turns into 27◦ facet. Left: topography of the step, right: error
signal of the same scan that shows surface morphology. The scale bar is 500 nm long.
SWGNR. The line profiles taken from both figures (Figure 3.20) show a transition from
16◦ facet angle to 27◦ facet angle. This corresponds the initial angle condition needed for a
monolayer growth on the sidewall of a 20 nm tall step, given in Figure 3.9.
3.3 Observation of the Step Flow and Faceting During Graphene Growth
In order to understand the role of step flow and the faceting (the change in the sidewall
angle) in the final SWGNR morphology, before and after growth comparisons can be done
on a system. However, in order to understand the effects of the two variables separately,
two systems that can isolate at least one variable are needed.
For the case of pre-annealed chips, natural steps on the surface are flow saturated struc-
tures. Since the natural steps are already annealed at 1700◦C, graphene growth tempera-
tures on the order of 1500◦C are not expected to cause any additional step flow. However, if
the step is not a flow saturated stable structure (small step) then it may start flowing before
graphene starts growing on the surface.
The surface of a pre-annealed SiC chip before and after graphene growth can be seen
in Figure 3.21. aC strips are placed as reference points to pin the steps at certain loca-
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Figure 3.20: Line profiles from the previous two figures. The facet turns into 27◦ from 16◦.
tions [132]. this way, that an observation of a shift in steps can be done with reference to
these pinning centers.
Different lengths are chosen to study the effect of different initial conditions (ribbon
length) on graphene growth. AFM error signal is chosen for this comparison since it is
proportional to the derivative of the topography signal and gives a single contrast for all
steps simultaneously, rather than staircase contrast that would be obtained with the topog-
raphy data. The change in positions of the steps (or the total step flow) can be seen by
the comparison of the cross sections indicated by the dashed lines. These cross section are
given in part c) of the same figure.
Steps, unless small, remain almost at the same location, unlike the step retraction
model that was proposed to explain the step flow dynamics during epigraphene nanorib-
bon growth [123].
The inset in Figure 3.21 c) shows the change in the tallest step (70 nm), but the tip
radius is too high to precisely determine the steepening angle of the step during the growth.
The inset show a 14◦ change in the facet angle, from 12◦ to 26◦. The change in volume
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Figure 3.21: Before after graphene growth imaging of pre-annealed SiC steps. a) The error
signal of a large AFM scan taken after SiC annealing in Ar. b) The same scan after the
epigraphene growth. The scale bars in parts a and b are 2µm long. c) The line profiles
marked in parts a) and b) are plotted on top of each other. The inset shows the steepening
of the tallest step. This change is also visible in parts a) and b), the widths of the tallest
step are significantly different. d) SEM image of the same region shows graphene covered
areas. darker color corresponds to graphene. The scale bar is 2µm long.
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can be calculated and since the thickness of SiC that needs to thermally decompose to give
a monolayer graphene is known, the number of layers of graphene on this sidewall can
be determined (provided that graphene stays on the sidewall). However, unless the angle
is measured very precisely this calculation can be deceiving. Figure 3.21 d) is the SEM
image of the same area. Darker regions are where the graphene is on the surface. SEM is
preferred over LFM since the area is large and SEM can give better contrast for this scale.
It can be seen from Figure 3.21 that flow saturated steps can supply the volume change
for graphene growth by steepening their sidewall facets (if the step is stable (large steps)).
Smaller steps don’t survive the graphene growth temperatures and they start flowing on the
surface.
Normally, for the case of overgrown ribbons, monolayer graphene grows over the
plateau above the sidewall. Since this is not the case for the pre-annealed samples, it can be
claimed that for the small steps, the step flow starts before the graphene growth. Therefore,
the possibility of step flow being initiated by ribbon growth is excluded.
Epigraphene on SiC can also be obtained in Ar atmosphere. The required confinement
by the pressure can be obtained by supplying an external constant noble gas pressure, which
is generally Ar. Graphene obtained using this method generally gives finger like structures
(arrows) that are similar to the sidearms of our experiments. An analysis [133] of the Ar
based growth system reveals that the graphene growth is strongly dependent on the initial
surface morphology. The study also shows that arrow features are formed and limited by
diffusion of carbon atoms (analogous to the study [134] that shows how gallium droplets
flow on the gallium arsenide surface as arsenic evaporates from the crystal upon heating).
When there is a lack of the carbon nucleation centers (graphene ribbons acting as carbon
sinks), the carbon on the surface starts building up. Then, due to the excessive carbon
amount, Si sublimation slows down and the step flow stops.
The self limiting nature of the arrow features [133] can be the underlying mechanism
of the few small steps forming sidearms on the plateaus of the pre-annealed SiC chips
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Figure 3.22: The morphology of the arrow features (Left) from an Ar growth system. The
cross section (d) of buffer layer (black boxes) and monolayer graphene on top (red boxes)
give the expected heights. A schematic of the formation of the arrow features (Right) shows
that as Si sublimates from the surface, the leftover carbon atoms nucleate graphene ribbons
along the step edges. This process continues till an arrow-like feature is formed. Reprinted
figure with permission from [133]. Copyright 2010 by the American Physical Society.
(Figure 3.21 (d)).
The step flow due to graphene growth happens in different ways for different structures
and different ribbon lengths. In Figure 3.21 a) and b) the second step from left bends in the
middle of the ribbon and releases the step flow with a pointy bending. This disappears when
the ribbon length goes down to 1µm and this pointy feature gets replaced with an arc. This
can indicate two things. First, these dimensions (step length and height) may be related to
the stress the crystal experiences during graphene growth and the final morphology may be
the result of a low energy orientation. Second, as the ribbon length decreases and the aC
strips get closer to each other, they act as carbon sinks. This means that the step flow due
to graphene growth can be increased, since the carbon sinks allow more carbon diffusion






Figure 3.23: aC contacted short ribbons for the observation of arrow-like GNR formations.
Ribbon lengths are 150 nm, 250 nm, 300 nm, 400 nm, 450 nm, 500 nm, 550 nm, 750 nm
from (a) to (i) respectively. As the ribbon length increases the arrow features, which might
be the low energy orientation of the crystal, turns into an arc shaped graphene ribbon. The
left sides of the images are the taller regions of the step wise structure.. The scale bars are
500 nm long.
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Depositing aC pads close to each other and then growing ribbons in between, give
arrow-like graphene formations. The first thing to look at Figure 3.23 is the initial locations
of the steps under the contact areas. The steps are pinned under the aC contacts and they
remain unchanged upon graphitization. It can be seen that the steps were initially wider
and upon graphitization, in between the aC stripes they start flowing towards the left side.
Also, due to the anchoring effect of the aC strips, they tend to bend around the contacts.
Figure 3.23(f) shows that a step (the left most step), which hosts a straight GNR, bends
near the contact. However, as it can be seen from Figure 3.21, given the long ribbon length,
a step can be kept at the same location after graphene growth. Therefore, the bending effect
in Figure 3.23 should be attributed to aC contacts being too close to the GNRs from both
sides and interfering with the growth dynamics of the ribbon.
The main difference between the arrow-like features of the Ar grown samples (Fig-
ure 3.22) and the natural step samples (Figure 3.23) is that arrow like features contain no
graphene at the arrow part of the step and natural steps have graphene on them. There-
fore, the arrow-like features for the natural step ribbons are in fact a result of the additional
growth which is enabled by aC contacts acting as carbon sinks. On contrary, the arrow
shapes of the Ar growth are the result of a self limited suppressed growth.
The analysis of graphene grown on pre-annealed steps and the reasoning behind the
dynamics of the finger like morphology of the graphene grown on small steps are given in
the first half of this subsection with Figure 3.21 and Figure 3.23. To complete the initial
goal, which was to understand the effect of step flow in the ribbon morphology, another set
of samples are prepared and observed in a similar manner to the one in Figure 3.21, except
this time etched mesas are used to obtain SWGNRs.
SWGNR production starts with dry etching of mesas into the SiC. These artificial struc-
tures are likely to be affected from the internal crystal dynamics at elevated temperatures
and some step flow on and around the mesas is expected. The AFM and SEM measure-
ments presented in Figure 3.24, which show the morphology before and after the graphene
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Figure 3.24: Before and after graphene growth imaging of etched mesas in a conventional
SWGNR system. a) The error signal of a large AFM scan taken after RIE etching and aC
contact placement. b) The same scan after the epigraphene growth. The scale bars in parts
a and b are 2µm long. c) The line profiles marked in parts a) and b) are plotted on top of
each other. There is not a steepening, but maybe a small retraction in step positions. d)
SEM image of the whole area shows graphene covered areas. darker color corresponds to
graphene. The scale bars are 2µm long.
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growth.
The growth regime of the SWGNRs in Figure 3.24 is optimized for minimum sidewall
growth and maximum confinement. Therefore, the sidearm ratio is lowered as much as
possible (compared to Figure 3.12). The sidearm density of this region is also interrupted
due to having aC strips in the vicinity of the steps and stopping the steps from forming more
regular structures. Therefore, the density of the sidewalls are neglected for this system, and
only the faceting and the step motion of the etched steps are observed. By looking at
the line profiles before and after the growth –for the most optimized growth conditions–
etched steps don’t change angle, but they retract a very small amount which is enough to
form monolayer graphene on the sidewall. The corresponding displacement is too small to
be measured accurately with AFM. However, the facet angle stays almost the same, which
can be observed through the comparison given in the inset.
By looking at Figure 3.21 and Figure 3.24 it can be said that SWGNRs grown on step
flow saturated structures (pre-annealed natural steps, Figures 3.21) go through faceting
during the graphitization. This means steps remain in the same location, but they change
their sidewall angles during graphene growth. The volume difference in the new and the old
structures corresponds to the SiC amount that needs to be thermally decomposed to form
monolayer graphene on the sidewall. The reason behind faceting happening instead of a
step flow may be the suppression of the step flow through annealing method. The argument
is also supported when we compare this morphology to the one of artificial mesa structures
(etched mesas, Figures 3.24), where faceting doesn’t happen for similar graphene growth
conditions.
Faceting is a more controlled way of growing since the initial and final angles can be
measured and the corresponding change can be estimated (Figure 3.9). Therefore, anneal-
ing can be implemented to first find the desired initial facet angles for a step. Then the
growth recipe can be optimized for the final facet angle, the resulting ribbon morphology




In this chapter I will present the transport features of SWGNRs and our measurements that
indicate mean free paths that range from 1µm to 10µm at room temperature.
A brief introduction to the mesoscopic transport theory and the Landauer equation were
given in the first Chapter. Following that discussion, an analysis of nanoribbon mean free
paths will be made over transport measurements. I will discuss the effect of sample con-
tamination, graphene morphology (edge length) and measurement techniques on mean free
paths of ballistic SWGNRs.
4.1 Mean Free Path Measurements
4.1.1 Conventional Graphene Nanoribbons
The resistance vs length measurement presented in Figure 4.1 has 48 contacted conven-
tional SWGNRs with various lengths. Each point in Figure 4.1 corresponds to a single
nanoribbon with two aC pads. Two point resistance measurements are taken with a lock-in
amplifier by applying 100 nA current amplitude (modulated at 17 Hz) while measuring the
voltage through two contact pads with the same lock-in. The measurements are taken both
in air and inside the vacuum probe station (in 10−6mbar after an annealing at 260◦C) to
see the change in the mean free path. The first set of measurements done in air gives the
linear fit R(L) ≈ 13.0L + 13.1 with uncertainties in coefficients (from the linear fit in the
form of R(L) = aL+ b) a = 13.0± 0.6kΩ/µm and b = 13.1± 10.4kΩ. Following mean
free path calculation gives:
Λair = Ro/a = 25.8kΩ/(13.1kΩ/µm) ≈ 2µm, (4.1)
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Figure 4.1: Resistance vs length measurements of conventional SWGNRs with channel
lengths ranging from 3µm to 26.5µm. The same measurement is taken both in atmospheric
conditions at room temperature and in vacuum probe station after annealing the sample at
260◦C. The slopes of the resistance profiles decrease upon annealing.
adding the lower and upper bounds of the a coefficient (a = 13.0 ± 0.6kΩ/µm) gives the
interval Λairmin = 1.9µm and Λairmax = 2.1µm. This calculation is carried in the long
limit which is shown in Figure 1.7 (b) (L > 3µm).
After annealing the same sample, the slope of the resistance vs length profile decreases
giving the new coefficients a = 7.6± 0.8kΩ/µm and b = 18.7± 9.5kΩ. Carrying out the
same mean free path calculation for the new data gives:
Λvac = Ro/a = 25.8kΩ/(7.6kΩ/µm) ≈ 3.4µm, (4.2)
adding the lower and upper bounds of the a coefficient (a = 7.6 ± 0.8kΩ/µm) gives the
interval Λvacmin = 3.1µm and Λvacmax = 3.8µm. Annealing the chip in vacuum and
performing the measurement without exposing the sample to air increases mean free path
from 2µm to 3.8µm.
The contact resistance can also be found from the linear interpolation given in Fig-
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ure 4.1. For the long length regime the interpolation should reach the value αRo+2Rlead+
2Rinterface (where α is anything between 1 and 1N as mentioned in Chapter 1). We don’t
know what the Rinterface resistance is, but we can estimate Rlead = 1 − 5kΩ, from the
resistance of annealed carbon pad and their geometrical factor. For the first data set, the
interpolation goes to b = 13.1± 10.4kΩ. This value is close to that of the annealed sample
(b = 18.7± 9.5kΩ) and lower than Ro = 25.8kΩ, this result is compatible with a ballistic
channel that dominates at long length (as shown in Figure 1.7 (b)). Another estimation
of the number of channels will be made once the contact resistances are identified with
conductive probe spectroscopy later in this chapter.
Higher contamination levels mean increased scattering events (decreased mean free
path). Cleaning the sample can also be lowering the doping and Fermi level while decreas-
ing the impurity scattering (increasing the mean free path), as clearly seen in Figure 4.1
between the data in air and in vacuum.
The mean free paths calculated in our nanoribbons and previously measured in SWGNRs
[84] are momentum relaxation mean free paths that needs to be distinguished from phase re-
laxation mean free paths [135, 93] of phase coherent systems, where phase randomization
doesn’t occur (absence of inelastic scattering) over large length scales. Phase coherence
requires low temperatures and our mean free path measurements are performed at room
temperature.
4.1.2 Improved Graphene Nanoribbons
The data given in Figure 4.2 is obtained from natural step SWGNRs fabricated with the no
post growth processing approach (Figure 2.3). The mask pattern shown in Figure 2.2(a)
is used to build contacts on ribbons that have lengths ranging from 3µm to 26.5µm. aC
pads are lifted off from the pre-annealed chip and the SWGNRs are grown on natural steps.
No ribbon isolation step (etching and exposure to resist residues after graphene growth)
was needed since the ribbons are far away from each other by design, owing to improved
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After Anneal in Vacuum
Figure 4.2: Resistance vs length measurements of 48 highly confined (morphologically)
contacted SWGNRs with lengths ranging from 3µm to 26.5µm. The same measurement is
taken three time in different conditions. Every point is a single measurement made on an
individual nanoribbon.
growth techniques.
The measurements (same lock-in based measurements as the previous section, 100nA
modulated at 17Hz) are first taken in air, then the sample is moved to the vacuum probe
station and the chamber is pumped down to 10−6mbar. At this pressure another set of
measurements is recorded. Lastly, the sample is annealed up to 260◦C in vacuum and
cooled back down to room temperature and a third set of measurement is taken (Figure 4.2).
The overall resistance decreases as the measurement is repeated after each cleaning method.
The unusual resistance vs length profile of the sample can be seen once the sample is
measured after the last heat treatment in vacuum.
Figure 4.3 shows the final measurement in a single plot. The first visible aspect of the
plot is the constant resistance region of 60kΩ that goes up to 15µm. The points scattered
above and below the plateau are pads that are connected by multiple ribbons (lower re-
sistance) or longer single ribbons (higher resistance) which can be identified individually
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Figure 4.3: Isolated plot of the data ”After Anneal” from Figure 4.2. The constant resis-
tance region that goes up to roughly 15µm. The resistance plateau also includes the contact
resistance, which will be calculated in detail later in this chapter.
(detailed later in this chapter). To illustrate this effect a sketch of the ribbon distribution
and the mask design is given in Figure 4.4.
Figure 4.4 (a) shows the details of the mask design and the distribution of the natural
steps. the corresponding circuit diagram is given in Figure 4.4 (b). In order to have a
negligible effect from parallel resistances R1 and R2, their total R1 + R2 should be on the
order of few MΩ, since the ribbon resistance is approximately on the order of 100kΩ and
the total parallel resistance is approximately (R1 +R2)/2. Individual measurement of these
resistances give values RA ≈ RB ≈ 100kΩ and R1 ≈ 10MΩ, R2 ≈ 1MΩ. Therefore, few
approximations can simplify this resistor network and validate that a single measurement
over RA is at least in 10% range of the real RA value. Details of such a calculation and
relevant approximations are given in Appendix.
The pads that are designed to connect at least a single ribbon, but for pads far apart due
to the slight misalignment of the natural step direction and the mask, capturing at least a
single ribbon between the pads might fail. This is illustrated in Figure 4.4 (c).
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Three factors affect the measurement of resistance of a SWGNR: the mask design, the
ribbon density and a successful contact to the contact pads. The asymmetrical mask design
(Figure 2.2(a)) creates a network of small and large resistances, that depend on the length of
the ribbons that connect the pads. From previous work [84] we expect that ribbons longer
than ≈ 15µm have an exponentially large resisitance.
Another factor that affects a single resistance measurement result is the possibility of
contacting or not contacting the pads. This is investigated in the next section where few nat-
ural step ribbons that connect two pads are analyzed through conductive probe microscopy
and found that only one of them makes good contact to both pads.
The plateau is localized around 60kΩ up to 15µm nanoribbon length. 60kΩ intercept
consists of αRo + 2Rlead + 2Rinterface giving a minimum of Rlead + Rinterface = 17.5kΩ
per contact. Most of this resistance can be assigned to Rinterface since the sheet resistance
of aC contacts is on the order of 1kΩ/ (Figure 2.9) and the lead design is roughly 5
squares, giving Rinterface > 12.5kΩ (measured in vacuum, the following conductive probe
microscopy (below) of natural step ribbons give higher Rinterface which is attributed to air
exposure).
aC forms poly-crystalline structures once exposed to high temperatures [136]. These
poly-crystalline interfaces might be the underlying reason of the high Rinterface. Even
though aC-graphene junction is a carbon to carbon connection, it might have high resis-
tance due to a grain boundary type of interface, similar to c-axis electrical conductivity of
graphite being lower than the on axis conductivity [137] of graphite. Rinterface in our setup
may even be in the form of a tunneling resistance.
The measurement shown in Figure 4.3 is the longest ballistic transport length (assumed
to be all along the 15µm plateau) obtained in this study. We attribute it to clean processing
and measurement conditions, along with the advantage of avoiding an etching step (No
post growth process mentioned in Figure 2.3) and the improved ribbon growth methods












Figure 4.4: The distribution of natural step SWGNRs and contact pads on a chip. a) A unit
cell of the photo-mask. Two adjacent contact pairs (RA and RB) are connected with a large
resistance R1 and R2. The distance between two contact pairs is relatively long (200µm)
which results in the high resistance. b) The equivalent resistor network for a series of
contacts and ribbons. c) An exaggerated image of contact pad distances. After a certain
distance between the pads, the chance of connecting a single ribbon from one to another
decreases. For the two pairs on the left, a single ribbon connects the pads. For the two pads
on the most right a single ribbon misses the shortest distance between the pads, therefore
causing a larger resistance.
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Mean free paths on the order of 10µm can be consistently obtained from transport
measurements, this value can go higher for exceptional samples (Figure 4.3). Our mea-
surements do not alone prove that the transport is through a single channel, but they are
in line with previous results that have shown that epigraphene nanoribbons can host single
channel ballistic transport [84].
Additional ribbon length vs resistance measurements are given in appendix (listed sep-
arately and not categorized along with the main thesis).
4.2 Contact Resistance and Surface Potentiometry
Beside the quantum resistance, the contact resistance to a contacted GNR comes from the
lead resistance and the tunneling (interface) resistance (Figure 1.8). Normally the TLM can
be used to identify the contact resistance, but the method assumes all the Rc to be the same.
Also the local doping from the contacts can extend to ≈ 10nm. In order to understand the
conduction in the vicinity of contacts and to identify the contact resistance, a point probe
based surface potentiometry technique can be used. This approach can also eliminate the
interference of voltage probing contacts with the GNRs.
The surface potentiometry in this experiment is performed by utilizing a contact mode
AFM scan with a lock-in based resistance measurement technique. Normally the resistance
of a nanoribbon can be measured by applying a modulated constant current through two
leads while measuring the voltage from another pair of contacts. The voltage measuring
probes can be replaced with a contact mode AFM tip and this setup can work as a three
point measurement system, where the low voltage end of the voltage measurement is shared
with the current out lead as shown in Figure 4.5.
The AFM system by Park enables measuring voltages through a metal coated contact
mode AFM tip. The details of such a setup are given in Figure 4.5. The first lock-in
monitors the two point nanoribbon resistance while the second lock-in, which is phase
































Lock-in 1 applies the
bias voltage over the
ribbon and measures
the channel resistance
Lock-in 2 measures the
potential between the 
tip and the ground lead
1 2 3 4
5 Mohms
Current ~100nA
Figure 4.5: The conductive probe measurement setup. AFM in contact mode can be used
with a metal coated tip to map the surface potentiometry on a biased sample. Along with the
AFM and LFM data the potentiometry on the surface can be used to identify contributions
of individual GNRs to the conduction. Two phase locked lock-ins can be used for this
measurement. A 5MΩ resistance is in series with the nanoribbon, which is on the order of
100kΩ, so the power supply works as a constant current source. The details of the setup
and the parameters are given in appendix. The measurements 1, 2, 3 and 4 can be used to
identify the contact resistances (Detailed in Figure 4.11).
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The parameters for the AFM scan and the lock-in settings are given in appendix along with
the explanations of further details about the setup.
As discussed in the graphene growth chapter, the conventional SWGNRs contain sidearms
that create complex ribbon morphologies. Figure 4.6 (a) shows the LFM scan. Figure 4.6
(b) shows the corresponding potential map on the surface as 100 nA constant current is
applied through the pads (that appear on the right and left). It can be seen that not all the
sidearms interact with the SWGNR but some attached sidearms can cause shorts and cre-
ate scattering centers. In order to evaluate these statements, another contacted nanoribbon
structure that is free of sidearms was built for comparison (Figure 4.7).
Figure 4.6 (c) shows the voltage line profile along the ribbon. This profile is presented
to show how sidearms affect the mean free path of the ribbon. The slopes change at certain
points as indicated by the vertical blue lines, but remarkably, the slope change is mainly
due to few short circuiting sidearms. We see that sidearms have otherwise very little effect
on transport and a jump in voltage as expected for an invasive contact is not observed. If
the attached sidearms acted like invasive probes, then they would add a total NxRo to the
resistance (N here is the number of sidearms).
Natural steps can have SWGNRs that are free of sidearms, but they come at the cost of
having dense SWGNR arrays. Figure 4.7 (a) shows the LFM scan of a contacted natural
step ribbon. The SiC chip is first pre-annealed to obtain natural steps and the SWGNRs are
grown on them as explained in the graphene growth chapter.
SWGNRs grown on pre-annealed natural steps can get as narrow as 20 nm. This is
mainly due to the presence of small steps (10nm or less) hosting GNRs. Natural step
SWGNRs do not preserve their width uniformly over long lengths and discontinuities can
be observed. Narrow ribbons also have the problem of not contacting well to the aC con-
tacts. Due to the poor contact, many of the natural GNRs that connect the two pads in the
AFM image (Figures 4.7 and 4.8) don’t make electrical contact to both pads. They may































Figure 4.6: (a)LFM image of an SWGNR with aC leads. Dense sidearm formations that
are attached to the main SWGNR are visible. (b) Surface potentiometry that is obtained
with the conductive probe scanning method outlined in Figure 4.5. The potentiometry data
can be mapped to the LFM data to identify which ribbon formations are involved in the
conduction. (c) The corresponding voltage profile along the ribbon to see the effect of
sidearms on the voltage distribution of the ribbon. The measurement can also be used to












Figure 4.7: (a)LFM image of a natural step SWGNR with aC leads. Dense nanoribbon
arrays connect the pads in multiple points. (b) Surface potentiometry of the same nanorib-
bon. Color gradients can tell which ribbons are attached to both of the contacts. The scale

















Figure 4.8: (a)LFM image of the same natural step SWGNR in Figure 4.7. (b) Surface
potentiometry of the nanoribbon and its contacts. The current is switched to the opposite
direction so the contrast similar to Figure 4.7 (b) can be obtained. The comparison of both
figures enables us to identify which nanoribbons are attached to both of the pads. The scale
bars are 2µm long.
good contacts to both pads is low due to the narrow ribbon geometry.
In order to understand which natural step ribbon is connected to which pad in Fig-
ure 4.7, the bias voltage can be flipped (Figure 4.8) and both cases can be compared.
A ribbon that is attached to only one pad has a constant voltage value on it, since no
current flows through it. It simply acts like an equipotential line and preserves the voltage
of the only pad that it is connected to. If the ribbon has a color gradient on it, it means that
it is connected to both of pads and it enables current flow through it. This procedure has
also been tested for the SWGNR shown in Figure 4.6, but it is already obvious from the
color gradient in Figure 4.6 that the nanoribbon is continuous and it merges into both of the
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contacts.
Flipping the bias of the nanoribbon shown in Figure 4.7 shows that only one of the five
nanoribbons (marked with arrows in Figure 4.7) that were bright in in Figure 4.7 is also
bright in Figure 4.8. Looking at the topography of the same regions shows that this step is
also the tallest structure and so it hosts the widest SWGNR (15nm tall and 60nmwide with
a 14◦ facet angle at the steepest point). Both potentiometry results are separately plotted
together for comparison in Figure 4.9 and the only contacting ribbon is marked with an
arrow.
Since the current amplitude is known from the circuit given in Figure 4.5 (100nA) and
is the same through the nanoribbons, a voltage measurement can also reveal the resistance
of the nanoribbons. Figure 4.10 shows the line profile taken on the ribbon. The jumps at
the ends correspond to the tunneling resistances may be related to the contact-nanoribbon
interface.
Mean free paths can be obtained from the line profiles given in Figure 4.10. By using the
approximation ∆L
∆R/Ro
, mean free paths of 4.4µm and 4.3µm can be obtained for SWGNRs
and natural step nanoribbons respectively. However an analysis of the number of active
channels needs to be made to validate this calculation.
The contact resistance overall consists of the lead (Rlead) and the interface resistances
(Rinterface). Rlead is a result of the resistivity of the lead material and the design of the
contact. Rinterface is a result of the interface effects.
By looking at the cross-section of the graphene/contact potentiometry interfaces indi-
vidual interface and lead resistances can be obtained. Figure 4.5 shows points marked as
1,2,3,4 on the nanoribbon and its contacts, voltage profiles between points 1-2 and 3-4 are
extracted to find the resistances at these points.
In Figures 4.12 and 4.13, the cross sectional voltage profiles are presented. In Fig-
ures 4.12 (left) the voltage profile in the vicinity of the left contact is shown. The voltage

























Figure 4.9: Combined potentiometry images from Figure 4.7 (a) and Figure 4.8 (b). The
only ribbon that makes contacts to both pads is marked. The scale bars are 2µm long.



















Figure 4.10: The voltage difference between the contacts are slightly higher for the natural
step case due to the whole system having a higher resistance. this mainly stems from
tunneling resistance which can be seen as a potential jump at contacts for the natural step
ribbons at 0.4µm and 15.5µm. Also the nanoribbon is narrower compared to the same
amount of current is run through both nanoribbons (100 nA). for the case of Natural steps
the contact resistance is higher on both ends, the jumps at 0.8µm and 15.5µm are due to
contact resistances. The contact resistance for the natural step is smaller due to the SWGNR
being wider.
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Contact Mode AFM Tip 
as the Voltage Probe
V




Figure 4.11: (a) The equivalent circuit of a two point GNR with a single channel. (b) The
schematic of a conductive probe spectroscopy. Resistances from the labeled points (1-2-3-
4) to the left can be measured and the corresponding variables between the points can be
identified. λ in the drawings represents the long length mean free path Λmax.
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mv) are given and they can be used to identify resistances at points labeled as 1 and 2 in
Figure 4.11. The plateau on the left (Figures 4.12 (left)), below 0.2mV, gives us the voltage
measurement at point 1 shown in Figure 4.11 (b), which can help us to find Rlead. The
plateau on the right of the same figure corresponds to the voltage measurement at point 2
in Figure 4.11 (b). This gives us Rlead + Rinterface + αRo. Rlead can be read as 1.2kΩ
which is low since the aC sheet resistance is on the order of 1kΩ/ (Figure 2.9). From
the voltage reading on the right of the same plot, Rlead + Rinterface + αRo = 8.8kΩ,
which gives Rinterface + αRo = 7.6kΩ. This means even for the case of Rinterface = 0,
αRo = 7.6kΩ indicating that there are at least four channels are involved in the transport
since Rinterface +Ro/N = 7.6kΩ should be considered, which gives N > 3.2.
The right plot in Figure 4.12 shows the voltage profile in the vicinity of the left contact
(of the ribbon given in Figure 4.6). The profile can be used to identify resistances labeled
as 3 and 4 in Figure 4.11. From the readings of 8.8 mV and 9.6 mV it can be concluded that
Rlead+Rinterface+Rchannel+Ro/N = 88kΩ and 2Rlead+2Rinterface+Rchannel+Ro/N =
96kΩ, which gives Rchannel = 79.2kΩ. By using Rchannel, and taking N as 4, the average
mean free path can be calculated as ∆L
N∆R/Ro
= 13.5µm/(4x79.2kΩ/25.8kΩ) = 1.1µm.
Note that this is a minimum value. If there are 4 channels, then from previous measurement,
we assume only 2 modes have a long mean free path, then the mean free path of these
channels is twice as long.
In the case of the natural step nanoribbon, Figure 4.13 can be used. Following a similar
calculation to the SWGNR for the natural step ribbons give Rlead = 5kΩ and Rlead +
Rinterface + αRo = 70kΩ, so Rinterface +Ro/N = 65kΩ (α is taken as 1/N ). This means
that if Rinterface is low, we may have a single channel transport. However, the narrow
ribbon width might result in high Rinterface as well. The right side of the same voltage
profile givesRlead+Rinterface+Rchannel+Ro/N = 160kΩ, soRchannel = 90kΩ ifN = 1.
The last measurement on the right lead gives 2Rlead + 2Rinterface + Rchannel + Ro/N =
200kΩ, which gives (for N = 1) Rinterface = 40kΩ. Since Rinterface + Ro/N = 65kΩ
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Figure 4.12: Line profiles of surface potentiometries in the contact area for the sidearm
ribbon (Figure 4.6). These measurements can be used to identify Rlead and Rchannel sepa-
rately. Left: The voltage profile of the in the vicinity of the left contact. The voltage values
measured at the left and right of the contact interface (at 0.1mV and 0.9 mv) can be used
to identify resistances labeled as 1 and 2 in Figure 4.11. Right: Similarly to the resistances
labeled as 3 and 4 in Figure 4.11 can be identified.
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Natural Step Right Contact LH
Figure 4.13: Line profiles of surface potentiometries in the vicinity of the contact interfaces
of potentiometries given in Figures 4.7 and 4.8. The high voltage end is on the right contact
for the top plots and at the left contact for the bottom plots. Similarly to Figure 4.12, top
left plot gives voltage values measured at the left and right of the contact interface which
can be used to identify resistances labeled as 1 and 2 in Figure 4.11 and top right plot gives
the resistances labeled as 3 and 4 in Figure 4.11. The same calculation can be made for the
other two profiles.
is found from the first measurement, we get Ro/N = 25kΩ, which justifies the estimation
N ≈ 1. Following the same calculation from the left side gives a similar result. The
mean free path that can be obtained from thisRchannel is 15µm/(90kΩ/25.8kΩ) = 4.3µm,
considering a single channel transport. Even though both nanoribbons have mean free
paths in the ballistic range, the mean free path of the natural step SWGNR is found to be
nearly four times higher than the average (i.e. minimum) 1.1µm of the SWGNR after the
correction coming from the number of channels. This means that single channel ballistic
transport can be obtained by improving the morphological confinement of the graphene
ribbon and the mean free path can go from ≈ 1.1µm to 4.3µm as calculated above.
Conventionally tight binding calculations of narrow ribbons with different chiralities
show the dependence of the conduction on the edge termination [51, 52]. Even though the
edge termination of SWGNRs are shown to be aligned with the step direction on SiC [84],
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no dependence of the the ribbon conduction on the edge termination have been observed
in the course of this thesis. In agreement with previous measurements [83], the minimum
width of the ribbons investigated was on the order of 40 nm. This might be too wide to
see the edge effect on the transport. The width limit where the bandgap for AC ribbons is
predicted [52] to be on the order of 12-13 atoms. But the ribbon edge length doesn’t seem
to affect the transport as much as it should if it were a relevant parameter.
One important difference in ribbon morphologies between Figure 4.6 and Figure 4.7 is
the length of the edges. For the same bulk lengths, the edge lengths are quite different due
to the sidearm formations that extends the edges. One dimensional transport nature [84] of
the GNRs indicate that the transport might be carried over the edges of graphene. However,
our measurement show two ribbon cases, where the nanoribbon length is the same but, the
edge length is significantly different, yet they both give mean free paths in the ballistic
regime (Figure 4.10). The negligence to the edge disorder in the surface potentiometry
(Figure 4.6 and Figure 4.7) shows that the transport phenomena is not localized to the
edge, but this may also be related to the SWGNR ribbon having more ribbons involved in
the conduction.
Conductive probe measurements are performed at room temperature in air. Therefore,
the resistance values compared to Figure 4.3 is relatively higher. The contact problem of
natural steps discussed in the last part of the mean free path measurements can be seen in
the conductive probe measurements of natural step ribbons (Figure 4.9).
4.3 Temperature Dependence
Temperature dependence measurements are performed in a CryoIndustry cryocooler. The
setup has the ability to go from 420 K to 1.6 K and fields up to 9T are possible. Tempera-
tures above 300 K are mostly used for cleaning purposes before the main measurement.
The effect residues that come from the nano-fabrication and air exposure can be low-
ered from the sample by annealing it in vacuum. In Figure 4.14 six aC contacted ribbons
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Figure 4.14: Temperature vs resistance (two point) profile of six aC contacted SWGNRs as
they are annealed in vacuum inside the cryostat chamber. Ribbon lengths range from 2µm
to 7µm starting from the least resistive to the most resistive nanoribbon. The first annealing
of a sample generally decreases the resistance nearly by 10% as the samples cool back to
the room temperature. Heating and cooling rates are 1◦C/min.
with lengths from 2µm to 7µm are annealed in vacuum up to 420 K in the cryostat. The
resistances drop nearly by 10% as the samples cool back to 300 K. This drop in resistance
is attributed to cleaning / degassing the GNRs. The samples can be heated up to higher
temperatures multiple times till the resistance no longer decreases, which does not happen
unless the samples are heated above 300◦C. The saturation indicates that the degassing of
residues is completed. The higher annealing temperatures can be obtained in the vacuum
probe station.
Higher temperature measurements are made in the vacuum probe station where the tem-
perature can be raised up to 400◦C and the cleaning effect can be observed along with high
temperature characteristics of the nanoribbon. Since the two effects are occurring simulta-
neously, first, the samples are heated for cleaning. After the cool down, the resistance value
is generally lower than the initial one (like in Figure 4.14). Second, the sample is heated
again and the high temperature characteristics are observed. If the resistance value remains
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Figure 4.15: Temperature dependent two point resistance measurements of two aC con-
tacted SWGNRs (300 nm (red) and 400 nm long (blue), the shorter one with the lower
resistance) as they are annealed in the vacuum probe chamber for the second time. The ini-
tial resistance is recovered, which means that the degassing phase is over. The geometries
can be seen from Figure 3.23 (c)-(d). The temperature rate was not controlled which may
be the reason behind the differences in the traces.
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the same after the cool down then it can be concluded that the degassing phase is complete
and the observed temperature dependence is an intrinsic feature of the nanoribbon.
Figure 4.16 shows the resistance vs temperature plots of ribbons with aC and metal
(Au/Pd) contacts. aC contacted nanoribbons are fabricated in two and four point setups.
The resulting increase in the resistance of short aC contacted nanoribbons is a combined
effect of both the contact resistance and nanoribbon properties.
The sheet resistance of aC increases upon cooling (Figure 2.9). Therefore, it is ex-
pected to have an increase in the overall resistance as aC contacted nanoribbons are cooled.
However, all the nanoribbons shown in Figure 4.16 (a) are aC contacted and the resistance
increases only for the short nanoribbons (< 450nm).
Figure 4.16 (b) shows four point measurements for a metal contacted nanoribbon. Un-
like the aC contacted nanoribbons, the three shortest nanoribbons (300nm, 400nm and
600nm) are the ones that are the least affected from the temperature change.
The trade off between the two methods is that aC contacted nanoribbons are high tem-
perature compatible and can be annealed at 1000◦C, which means degassing (cleaning) can
be done at a greater magnitude. However, as shown in Figure 4.16 two point aC contacted
short GNRs have additional resistance increase at low temperatures. Metal contacts are not
high temperature compatible, which prevents them from being heated up to higher temper-
atures that aC nanoribbons can be heated up to. Especially Au contacts are known to form
beads that diffuse along the GNR above certain temperatures.
During the fabrication of aC nanoribbons, the contacts are either deposited before the
graphene growth and they are exposed to graphene growth temperatures (≈ 1550◦C) or
they are deposited after the growth and the whole setup is annealed at 1000◦C. This tem-
perature is high enough to lower the resistance of aC material through the formation of
nano-crystals inside the amorphous structure of aC, but it may not be enough to create a
robust contact to graphene. Interface effects between graphene and aC contacts might play
a role in the high resistance as well.
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Figure 4.16: (a) Two point measurements of six aC contacted nanoribbons from Fig-
ure 3.23. The increase in resistance is a combined result that comes from aC contacts and
the short GNRs. (b) Four point resistance vs temperature measurements of metal (Au/Pd)
contacted ribbons. The geometry is similar to the one given in Figure 2.5.
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Figure 4.17: Another set of four point resistance vs temperature measurements of metal
contacted graphene ribbons with lengths ranging from 300 nm to 600nm. SWGNRs are
grown with the combined etching and annealing technique (Figure 3.19). For the values
below 25kΩ multi-channel transport is possible. The geometry is similar to the one given
in Figure 2.5.
The temperature dependent measurements done on nanoribbons that are more confined
(similar widths ≈ 100nm, but higher morphological confinement to the sidewall, Fig-





Epigraphene on SiC offers the graphene crystal on an insulating substrate. Its one dimen-
sional counterpart SWGNRs can be grown with high scalability on the same platform.
SWGNRs exhibit exceptional transport features in UHV conditions. In order to utilize
these features into contacted graphene nanoribbons and harvest their benefits, a new fab-
rication method needs to be developed for the material. In this thesis we report epitaxial
GNRs (with contacts fabricated on them) that perform in the ballistic regime with mean
free paths on the order of 10µm at room temperature.
The fabrication process flow that leads to ballistic GNRs with contacts is presented.
The fabrication starts with the consistent confined SWGNR growth method that is obtained
in several ways. First the conventional SWGNR methods are investigated, then the natural
steps of the SiC crystal are utilized for ribbon formation through an annealing technique.
Finally the annealing technique is combined with the conventional SWGNR growth to
obtain confined ribbons.
A lift off technique for amorphous carbon contacts are developed to prevent the con-
ventional etching of amorphous carbon contacts. With the new contact fabrication method,
on the order of fifty nanoribbons with different lengths are produced on separate chips to
investigate the ballistic transport. Mean free paths on the order of 10µm are obtained in a
vacuum probe measurement setup that is built for this experiment.
Conductive probe measurements are used to analyze the effect of the edge morphology
on the transport. For two ribbons with same lengths but extremely different edge forma-
tions, it is shown that mean free paths can be improved four times from 1.1µm to 4.3µm.
Similarly, the number of channels involved in the transport can go from four to one upon
increased morphological containment. This means by accommodating improved morpho-
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logical confinement of SWGNRs, we were able to increase quantum confinement of our
nanoribbons and obtain increased mean free paths.
Overall arrays of contacted epigraphene nanoribbons that perform in the ballistic regime
at room temperature are fabricated. The exceptional room temperature ballistic transport
feature of epigraphene nanoribbons now can be further analyzed with contacts while pre-






Lithography is the process process of masking a sample for a follow up deposition or etch-
ing step. A shadow mask (which maybe ideal for the case of graphene) can be placed on the
sample and the process can be carried over it for large scale features. However, due to its
practicality and due to challenges of making a hard mask and preserving it on the sample,
polymer based lithography techniques are mainly used in the fabrication of electronics. In
this technology, first the surface is coated with an organic photoresist with a spin coater.
The sample is placed on a rotating platform and high rotational speeds (1000 rpm to 5000
rpm) are applied on order of a minute. This results in micron thick uniform resist profiles
over the sample. Baking the sample at temperatures on the order of 100 ◦C for a minute
dries the resist over the surface and increases its durability. An adhesion promoter might
be needed before the spin coat to make sure that the resist sticks on the surface.
The way photoresists are used in creating patterns is as follows: Due to their chemical
properties, once exposed to a certain UV spectrum line (for photoresists) or to an electron
beam (E beam resists) resists change their solubility [138] in solvents (developers). Resists
can work the opposite way, where they can be initially insoluble and their solubility can
be recovered once they are exposed. This defines the negative or the positive photoresists,
their polarity. The control over the solubility feature can be utilized to create patterns if the
exposure can be confined to areas of interest. Once partially exposed, the sample can be
put into a developer solution for selective cleaning of certain areas. After doing the actual
fabrication step in these areas (etching or depositing) a hard remover, like acetone, can be
used to clean all polymers. The leftover areas end up having the shape of the exposure
pattern. The selective exposure is done with a hard mask (typically chromium on quartz)
for photolithography or with directed and controlled e beam exposure via an SEM, a beam
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blanker and a controlling software.
The precision of photolithography depends on the mask aligner and the mask feature
size. Features obtained with photolithography, contrary to its industrial versions that reach
down to nanometers, is on the order of a micrometer. It produces quick patterns for large
scales; but alignment, feature size, and design flexibility are limited by the mask aligner,
the mask production limits (The minimum feature size the mask supplier can produce on
your mask) and the mask availability (every new pattern needs a new mask). Once the
pattern is selected, it can be obtained with either positive or negative photo-resists.
Negative resists develop patterns in areas that are not exposed to the UV light source,
and positive works the opposite way. SC1813 from Micro Chem is used as the positive
photo resist and NR9 from Futurrex is used as negative resist. Both resists are designed
for the 365 nm wavelength line and both can be developed with MF 319 developer from
Micro Chem. Different spin coat recipes can be chosen for different thickness of resists. 1
to 2 µm thicknesses can be obtained by spin coating at 4000 rpm for one minute. SC1813
needs to be heat treated at 180 ◦C for one minute and NR9 at 115 ◦C for one minute again.
Exposed samples can be developed in MF 319 for 25 secs for SC1813 and 8 seconds for
NR9. After the development, the samples should be rinsed with dionized water for at least
15 seconds.
Either negative or positive resist can be used for SWGNR mesa production. Mesas or
trenches can be obtained from the same mask with different resists and they work the same
way since the sidewall is the area of interest for SWGNR growth and the flat parts of the
chip don’t play a significant role.
SEM lithography is used with methyl methacrylate (MMA) and Poly(methyl methacry-
late) (PMMA) (both from Micro Chem) bilayer resist combinations. PMMA and MMA are
commercially available in different densities (conventionally called thickness). Spin coat
recipes can change for different thicknesses of resists and suggested spin coat recipes can
vary (most resists have short shelf life). A deformed resist can show up as bad liftoff or as
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not so sharp resist profiles. Similar to changing the spin coat recipe, baking temperatures
can be adjusted as well (for the case of bad liftoff or not lifting off resist after cleaning).
After the application of e-beam on the spin coated samples with the use of JEOL JSM 5900
and the software NPGS by JC Nabity Lithography Systems, exposed samples are developed
in 1:4 MIBK:IPA (Micro Chem developer) solution for 25 seconds. Developed patterns are
rinsed with IPA for another 15 seconds. Feature sizes down to 100 nm can be achieved in
this setup. With over exposure and shadow deposition methods this limit can be pushed to
50 nm.
After the development, UV ozone cleaner is used (if necessary) to remove suspected
resist residues in the developed area. 1 minute UV exposure in a PSD-UV4 system (by
Novascan) is applied on patterned samples.
The term SEM lithography is used rather than E-beam lithography because the term
E-beam lithography is used for another advanced machinery (JEOL JBX 9300 FS) where
the feature size can be much smaller (down to 5 nm) and the patterning is faster.
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APPENDIX B
THE GROWTH FURNACE AND THE ANNEALING FURNACE
A definitive model of graphene growth on SiC can be challenging just like any other crys-
tal growth modelling; but for the purposes of estimating and establishing the temperature
ranges and the time periods that give monolayer graphene growth, some models can be
tested.
Figure 3.3 shows the experimental setup and the variables involved with it. RSiV apor is
the Si sublimation rate from SiC. This variable can be replaced with a constant, Si vapor
pressure dependent value, but because of having the system in non-equilibrium, it is more
convenient to have a rate variable rather than a static offset. This rate variable should be a
function of the inner pressure(Pin) and the temperature(T). RSiEscape is the escape rate of
the Si vapor from the system through the hole.
The problem of gas flowing through a constriction is similar to the Venturi effect and
may even be an example of a Choked flow for high speed gas flow (which might be the case
since the pressure difference is greater than the outside pressure at growth temperatures
(Pin − Pout >> Pout)). This can be identified by looking at the Si vapor pressures at
different temperatures.
The study by Lilov, SK [139] investigates Si vapor pressures over SiC at elevated tem-
peratures (1500◦C to 3100◦C). The vapor pressure rises very quickly after 1500◦C and
low temperature and high temperature dependencies differ significantly. Figure B.1 shows
that the vapor pressure can be proportional to (T/To)19.5 (To = 1960◦C) above To and
(T/To)
28 below. This shows that around graphene growth temperatures the Si sublimation
rate can increase drastically by small variations in the temperature. This especially shows
the importance of having a confinement since it suppresses the Si sublimation.
In the case where the inner pressure is dominated by the Si sublimating from the SiC
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Table B.1: The list of variables involved in the Confinement Controlled Sublimation
method (Figure 3.3). ASiWalls has dimensions of pressure and the rate variables have di-
mensions of N/t (N=particle number).
Variables Proportionality
ASiWalls Constant after to









































































Figure B.1: Top: Low temperature dependence of Si vapor pressure. Bottom: Higher
temperatures. Po is 1 pascal. Data is taken from [139].
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chip, RSiEscape can be assumed to be same as RSiV apor.










Where R is the flow rate, ρ is the density of the gas, A1 and A2 are the cross sectional areas
inside the crucible and the hole respectively. Since Pin − Pout >> Pout, the term p1 − p2
can be approximated to p1. Also the approximation (A1A2 )
2 − 1 ≈ (A1
A2
)2 can be made since














Assuming that the number of particles inside the crucible is constant instantaneously,
using the ideal gas law one can replace the pressure term with NRT
V
, which gives a square
root temperature dependence to the rate variable R. However, since the vapor pressure
inside increases as (T/To)28, the instantaneous increases in the rate due to the particle
addition can be neglected and only the temperature dependent increase in pressure Pin
needs to be considered. Previous study shows that the equilibrium happens quickly inside
the crucible with in 5 ms [103].
The flow rate can be estimated to be proportional to the square root of the Si vapor
pressure from equation B.2, therefore R ∝ T 14. The amount of Si sublimated from the
SiC surfaces during a monolayer growth on Si-face can be calculated by looking at the
graphene amount on both surfaces. Assuming monolayer graphene growth on Si face and
three layers of graphene on C-face, considering the buffer layer as well, the total thickness
of SiC to be thermally decomposed can be taken as 3.75 nm (.75 nm x 5). The filling factor
of the SiC crystal (4H and 6H) is 0.74 and half of the atoms are Si. For a chip size of 3 mm
x 4 mm, an estimate of Si atoms that will leave the chip is on the order of 2.45e15 atoms.
If the decomposition happens in one minute, then the rate is 4.08e13 atoms/sec.
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Figure B.2: The shrunk shape and size of SiC stacks show that SiC can be melted at 1740◦C
in six hours in the confinement controlled sublimation setup. The melting point of SiC
under atmospheric pressure is 2730◦C.
In order to establish the rate of 4.08e13 atoms/sec from equation B.2, the density needs
to be estimated and then the growth temperature that leads to monolayer graphene, can be
guessed. Getting the pressure info from Figure B.1 (a) as 2e-3 pascal and knowing that
A2 = 5e− 5m2 from the crucible design,
Knowing that 1550◦C gives monolayer graphene on the Si-face, the required density
ρ can be calculated. Then this value can be used to estimate the required time for a given
temperature or the temperature required for a given time.
Additionally, to show the capability of the confinement controlled sublimation setup,
we show in Figure B.2 that a SiC stack was melted at 1740◦C in six hours. Initially the SiC
chips were clear transparent and after the melting they have obtained the yellow color. For




LFM is quite similar to non contact-AFM, except the position sensitive photo detectors are
aligned laterally (compared to vertically aligned topography detectors(A-B)) to receive the
reflecting laser beam from the cantilever. The force constant of the tip can be first set to 4
nN and can be increased to 6nN range as the tip wears out.
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Figure C.1: A diagram of LFM vs topography signals. As the tip scans a low friction
region (labeled as ”Different Material” in the drawing))on a flat area, topography does not
pick up a signal. The LFM signal picked up over topographic features can be removed by
subtraction of back and forth LFM scans. The subtracted data gives the contrast over the




Conductive probe microscopy is a three probe measurement system where the surface po-
tentiometry of a nanoribbon can be made with a contact mode AFM tip. A bias voltage
applied on the nanoribbon through its two contacts and the potential between the AFM tip
and the second contact is recorded (Figure 4.5). One to one matching of this potentiome-
try data to other contact mode AFM measurements (topography, error signal (morphology)
and lateral force (surface friction)) can help identifying the transport features of the surface
material.
Tuning of the parameters (Figure 4.5) in conductive probe microscopy is critical for a
clear contrast in the voltage reading. AFM scan frequency for a single line can be set any-
where between 0.1 Hz to 0.3 Hz for 10µm scan length (faster scans decreases tip lifetime
and slower scans suffer from thermal expansion). This means one line can be scanned back
and forth in the range of 3 to 10 seconds. A high resolution AFM image needs at least 512
pixels. This corresponds to 20.00 ms to 6.50 ms tip time per a single pixel.
The time spent over a single pixel is a critical parameter, since this is the only time
frame that a voltage measurement can be collected for the location. In order to get a low
variation in the measurement, averaging of few measurements need to be considered. For a
lock-in based measurement technique, this s established by default; however the time spent
on a single pixel should be larger than the integration time of the lock-in. For example; for
a scan that is 15µm long, a scan frequency of 0.2 Hz can be picked. This will correspond to
roughly 10 ms tip time over a pixel for a 512 pixels (30 nm/pixel). Next,the time constant
of the lock-in (the integration - averaging time) needs to be less than 10 ms, so it can be set
to 5 ms. The last parameter is the modulation frequency of the lock-in, which should be
less than the time constant. 1kHz modulation frequency can be chosen since it corresponds
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Figure D.1: LFM map and the potentiometry of the graphene ribbon - amorphous carbon
interface. One to one mapping enables detecting which ribbon patches are active in the
transport. Conductive probe measurement on the contact interface can also help identifica-
tion of the contact resistance. The color scale is inverted for a better contrast.
to a period of 1 ms, which is less than the time constant.
The noise in the potentiometry measurement can be lowered by choosing a higher mod-
ulation frequency, however increasing the modulation frequency, increases the interface
resistance (see Contact Resistance and Surface Potentiometry in Chapter 4).
The conductive probe spectroscopy needs to be performed with a lock-in modulation
frequency of 1kHz, which is two orders of magnitudes higher than the modulation fre-
quency used for conventional measurements(≈ 17Hz). The high frequency causes a 30%
increase in the overall resistance, but the high frequency is necessary to work along with





In this section the circuit diagrams that explain the resistor network model that was men-
tioned in the Transport Measurements Chapter are presented. transport phenomena are
presented.
Figure E.1 shows a series of approximations that are made to simplify the circuit and
the calculations. The average measured resistance values for the resistors are RA ≈ RB ≈
100kΩ and R1 ≈ 10MΩ, R2 ≈ 1MΩ. Considering these measured values, the approxi-
mations in Figure E.1 can be made, giving the final circuit (Figure E.1 (g)). A two point
measurement over RA would be be affected by the parallel resistors (R1 + R2)/2, but
since the parallel resistances are at least ten times larger, a change more than 10% in RA
measurement is avoided.
The process start with the simple circuit that is shown in Figure E.1 (a) and the resulting
resistor network shown in Figure E.1 (b). Using the relation R1 + R2  RA a series of















Figure E.1: (a) The contact patterns and the distribution of the natural step ribbons. b) the
equivalent resistor network. c) After the first approximationRA = RB the circuit simplifies
to a three variable network. d) Since the repeating circuit will have a small value to due to
many parallel circuits, its contributionRp can be ignored in the series circuitR1 +R2 +Rp.
e) Since R1 + R2 + RA  RA the equivalent parallel resistance can be approximated to
RA. f) Similar to d) the equivalent parallel resistance is approximated to RA. g) The two
series resistances R1 +R2 +RA are approximated to R1 +R2.
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APPENDIX F
THE AUTOMATED VACUUM PROBE STATION
During this PhD work I built an automated probe station to perform transport measurements
in vacuum on contacted GNRs. The setup consists of a vacuum chamber attached to a turbo
pump. Inside the chamber there are four micro-manipulators with x-y-z piezo controllers
(SL-06 from the company SmartAct) provided with electrical probes and connected by feed
through bnc connections. A home made heating element (can heat up to 450◦C), a camera
and a LabVIEW program to automatically move the probes.
Once the sample is placed inside the chamber on the copper element, the transparent
plexiglass cover is closed and the chamber can be pumped down to 10−6mbar. The change
in resistance during this period can be recorded. An average resistance drop up to 50% is
usually observed in graphene samples. The vent inlet can also be used to inject of various
gases to the chamber.
The heating element consists of a copper piece that is insulated by a BN coating and a
twisted (and also BN coated) chromium wire that surrounds it. The heat insulation layer
consists of Sodium Silicate as high temperature glue and Perlite as the filling and insulating
medium. The insulation layer is necessary since the micro-manipulators are designed to
perform below 40◦C. We have tested that the insulation amount is sufficient to safely
operate the manipulators. The heating area can be safely heated up to 400◦C.
Due to high number of measurements needed in periodic arrangement of contacts, I
wrote a LabVIEW program to automatically move the probes from one set of contacts to
another automatically. The LabVIEW program can control each probe with 50 nm accu-
racy. Upon establishing a contact with pads the voltage measurements from the connected
Lock-in amplifiers can be read through GPIB connections. The sample temperature can
also be recorded through a thermocouple connection. Along with all these features, the
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Figure F.1: The LabVIEW interface of the automated vacuum probe station and the simul-
taneous imaging of the probes.
automation program shown in Figure F.1 can take the periodicity of the pad pattern as an
input and move the tips automatically to their next location between the measurements.
Therefore it significantly decreases the time spent on taking measurements considering
each chip has nearly 100 nanoribbons and contact pairs on it and overall the course of this
study, nearly 12000 individual nanoribbons are measured.
The automated probes station also has a copper bridge that is attached to both the sam-
ple holder and the feed-through connection that goes outside of the chamber. In further
development a cold head-He compressor combination setup can be attached to this bridge
to cool the sample below 10 K. Therefore combined with the heating element, a tempera-




Numerous GNR measurements have been performed, but due to sidewalls, alignment prob-
lems and different levels of contamination a large variation in the measurements was ob-
served. Most of such measurements are disregarded, since the following improved fabrica-
tion techniques increased the consistency of the results. However, I present here some of
the earlier measurements I made in order to show the variation and discuss how much the
improved factors affect the result.
The fist resistance vs length data (Figure G.1) contains sidearms. It is important to
test whether these sidearms create scattering centers or short the nanoribbon by creating a
resistor network. Both of such intrusions would complicate the problem and make it harder
to draw a conclusion on the ribbons’ electronic properties.
The data sets also are presented to show the effect of edge termination. Four sets of
ZZ and AC ribbons are plotted together and only in the short length scales (Figure G.1) a
difference in the resistance vs length profile can be observed. ZZ ribbons seem to linearly
extrapolate to 25kΩ while AC ribbons seem to have an increasing slope below 7µm. Even
though sidearms are observed for these samples and the orientation of these sidearms are
attributed to the difference in the resistance, the short circuiting effect of the sidearms was
not concluded. Therefore this data set is presented as the only transport measurement that
shows a difference between AC and ZZ ribbons.
The second data set (Figure G.2) is from short ribbons with metal contacts. Metal is
deposited after the graphene growth, therefore the contamination effects are higher than the
aC contacted nanoribbons.
The last data set shows the four point measurements of the ribbons that were previously
presented in the temperature dependent measurements section (Figure 4.16 (c) and (d)).
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Figure G.1: Zoomed in version of the previous figure shows the difference in short lengths
between the two directions. ZZ ribbons are red while AC ribbons blue.













Figure G.2: Four point measurements of short ribbons with Au/Pd contacts. The samples
suffer from post growth fabrication residues, so the longer lengths are highly resistive.
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Figure G.3: Room temperature four point measurements of short ribbons with Au/Pd con-
tacts that were given in Figure 4.16 (c) and (d). The samples were annealed at 420 K
prior to the cooling in the cryostat. The conventional annealing temperature 400◦C was not
reached for the given ribbons, because it is problematic with gold contacts and it can not
be established with the heating restrictions in the cryostat.
Gold contacts are known to dissipate over graphene if the samples are annealed above
100◦C. This is an observed effect on GNRs with Au contacts and there is not a reference of
a systematic study of this effect, but the motion of gold clusters on graphene upon heating
is reported [141]. Therefore we avoid annealing metal contacted GNRs, in return we can
not obtain relatively clean and impurity free GNRs. This is why mostly amorphous carbon
contacted nanoribbons were preferred in the course of this study.
The mask design that allows placement of both ZZ and AC ribbons on the same chip is
given in Figure G.4. This mask design allows similar coverage of graphene to be obtained
on the sidewalls on both AC and ZZ ribbons, so the effect of the ribbon direction on the
transport can be tested. However, as mentioned earlier, the dominating factor on the mor-
phological confinement is the density and the direction of natural steps of a chip. Due to all
these factors, for the measurements in the main text, masks with single ribbon directions
are chosen.
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Figure G.4: The chip design for the following figures. Mesas etched in the AC and ZZ
directions are not visible in the image, but the increasing separation between the pads can





Ribbons with different contacts at various lengths are measured at low temperature to see
the effect of magnetic field on the nanoribbon resistance.
For nanoribbon lengths that are longer than 1µm a set of MR measurements are per-
formed at 1.78K (Figure H.1). The changes upon the same magnetic field sweep (8T to
-8T) (Figure H.1 bottom right) are %9.6,%9.6,%6.8,%8.9,%10.1 for nanoribbon lengths
1.5µm, 2µm, 2.5µm, 3µm and 3.5µm. Except the %6.8 change, the MR response may be
saturating for these length scales.
The last measurement combines the gate voltage variation and the external magnetic
field sweep. The gate built over the nanoribbon includes an oxide layer that is deposited
with and ALD system after a thin seed layer Al deposition as explained in the second
chapter. Deposited Al2O3 is roughly 25 nm thick.
Firstly, we observe that the gate affects the resistance, highly charges graphene and
causes electron doping. Charge traps over the GNR result in unusual resistance patterns
upon sweeping the gate voltage. In order to test the presence of charge traps, the gate
voltage is swept at different magnetic field values. If these features were affected by the
applied field then they can be linked to the magnetic structure of the material. Figure H.2
shows the gate voltage sweep and step-wise increased magnetic field values. The same
nanoribbons from Figure H.1 are used. The color scale as an indicator of the magnetic field
is not given, because the goal of this observation is to observe shifts (laterally) in the peaks
that emerge in the gate voltage sweep. No such shift is observed when the external field is
changed. The only change in the resistance is due to MR that was shown in Figure H.1. The
overall resistance during a sweep drops as the magnetic field is increased but the positions
of the resistance peaks are preserved. Also no charge neutrality point is present in gated
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Figure H.1: Magneto-resistance plots of four point metal contacted long SWGNRs. The
magnetic field variation can be seen from the bottom right figure. The maximum and
minimum points are 8T and -8T. The temperature is 1.78 K.
ribbons. Charge neutrality has been observed only in a few samples for gated GNRs during
the course of this study.
More detailed MR and spin transport measurements that includes spin injection to
GNRs with magnetic leads can be found in [142].
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Figure H.2: Gate scans of nanoribbons (from Figure H.1) while the magnetic field is in-
creased in steps. The gate voltage is scanned from -10V to 10V at each step of the magnetic
field. The purpose of this measurement is to see whether these resistance features that ap-
pear during a gate scan are magnetic field dependent parameters or not. The color scale (for
magnetic field) is not added but the magnetic field variation can be seen from the bottom
right figure. A total of fifteen gate sweeps are made at different magnetic fields ranging
from 0 to 3 T. The temperature is 1.6 K.
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VITA
”I’ve found a remarkable proof of this fact, but there is not enough space in the margin to
write it.”
Pierre De Fermat
”[Galois’] argument is neither sufficiently clear nor sufficiently developed to allow us
to judge its rigor” – ”We would then suggest that the author should publish the whole of
his work in order to form a definitive opinion.”
Comments of Simeon Denis Poisson in the rejection letter of Evariste Galois’ paper.
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